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SECTION  1 
INTRODUCTION 


A  federal  investigation  identified  a  risk  associated  with  improperly  processed  (i.e. 
“nonconforming”)  titanium  (Ti)  material  being  used  in  the  fabrication  of  critical  safety  items  and 
safety-of-flight  components  in  USAF,  DoD,  NASA,  FAA,  and  other  systems.  At  the  direction  of 
AFMC/CC,  a  USAF  Titanium  Task  Force,  led  by  AFMC/EN,  was  fonned  to  further  define  risk 
to  USAF  systems  and  to  assist  with  mitigation  efforts.  The  suspect  Ti  material  (e.g.,  “billet,” 
“reforging  stock”)  was  never  intended  to  be  machined  to  the  final  fonns  in  which  it  is  now 
possibly  being  used.  This  R&D  testing  program  was  therefore  designed  to  develop  new  baseline 
(reasonable  lower  bound)  properties  on  a  heretofore  not  fully  characterized  form  of  Ti.  The 
decision  to  refer  to  these  baseline  values  as  “reasonable  lower  bounds”  (RLBs)  is  based  on  the 
fact  that  an  insufficient  quantity  of  material  heats  and  lots  were  represented  for  the  calculation  of 
traditional  MMPDS  [1]  A-  or  B-,  or  even  S-basis  allowables.  However,  the  number  of 
specimens  tested  (often  in  replicate)  is  significant.  Thus  “reasonable  lower  bound”  was  chosen 
by  the  USAF  Ti  Task  Force  as  an  acceptable  term  to  describe  properties  derived  from  the  testing 
of  multiple  specimens  from  the  two  heats  (per  alloy)  of  material  in  this  program.  While  these  do 
not  meet  the  requirements  for  standard  baseline  property  detennination,  they  are,  nevertheless, 
significant.  Under  nonnal  circumstances,  three  heats  of  material  would  be  needed  for 
establishing  a  specification  minimum  (S-basis)  value;  whereas  10  heats  of  material  would  be 
required  for  A-  and  B -basis  allowables. 
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SECTION  2 

MATERIALS  AND  SPECIMENS 


Ti-6Al-4V  Billets  -  The  first  Ti-6A1-4V  billet  was  purchased  from  Titanium  Industries,  Inc.  As 
shown  in  Figure  1,  the  section  received  had  nominal  dimensions  of  24”(w)  x  19”(1)  x  6.5”(t)  and 
had  been  produced  per  the  AMS  4928R  and  AMS-T-9047  specifications.  The  billet’s  pedigree 
traces  back  to  an  ingot  heat  HC-14177  produced  by  Howmet  Castings.  (Note:  In  this  report,  the 
billet  has  been  identified  through  the  number  75838,  rather  than  the  heat  number.)  The  billet  was 
delivered  in  the  mill-annealed  heat  treat  condition. 


Figure  1.  Ti-6A1-4V  billet  (#75838)  indicating  dimensions,  orientations,  and  sectioning  plan 

prior  to  specimen  extraction 

The  second  Ti-6A1-4V  billet  was  purchased  from  Titanium  Industries,  Inc.  and  had 
nominal  dimensions  of  24”(w)  x  45”(1)  x  6.5”(t)  and  had  been  produced  per  the  AMS  4928R  and 
AMS-T-9047  specifications.  The  billet’s  pedigree  traces  back  to  an  ingot  heat  K27P  produced 
by  ATI  Allvac.  This  heat  number  was  used  in  this  report  for  identification  of  this  billet.  The 
billet  was  delivered  in  the  mill-annealed  heat  treat  condition. 

Upon  receipt  of  the  second  billet,  a  4-inch  wide  section  was  cut  along  the  length  of  the 
billet.  The  face  of  this  section  through  the  thickness  was  machined  to  a  32  RA  surface  finish  and 
macro-etched  using  Avesta  Pickling  Paste  101  to  determine  forging  flowlines.  No  anomalous 
microstructure  was  noticed  during  this  examination.  This  4”(w)  x  45”(1)  x  6.5”(t)  section  of 
billet  was  not  used  for  subsequent  mechanical  testing.  The  rest  of  the  billet  was  further  sectioned 
as  indicated  in  Figure  2. 
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Figure  2.  Ti-6A1-4V  billet  (#K27P)  indicating  dimensions,  orientations,  and  sectioning  plan 

prior  to  specimen  extraction 


Ti-6Al-6V-2Sn  Billets  -  The  Ti-6Al-6V-2Sn  billets  were  purchased  from  Sierra  Alloys  of 
Irwindale,  CA.  The  billets  were  fabricated  for  this  program  to  thicknesses  prescribed  by 
AFRL/RXS  in  order  to  produce  two  different  levels  of  hot  working  in  the  material.  Upon  receipt 
from  Sierra  Alloys,  the  billets  had  nominal  dimensions  of  12”(w)  x  105”(1)  x  4.5”(t),  identified 
throughout  this  report  as  billet  number  14824,  and  12”(w)  x  80”(1)  x  8”(t),  identified  throughout 
this  report  as  billet  number  14828.  The  billets  had  been  produced  per  the  AMS-T-9047G 
specification.  The  billets’  pedigree  trace  back  to  an  ingot  heat  HC 14820  produced  by  Howmet. 
The  billets  were  delivered  in  the  mill-annealed  heat  treat  condition. 

Upon  receipt  of  the  billets,  a  2-inch  wide  section  was  cut  along  the  length  of  the  billet. 
The  face  of  this  section  through  the  thickness  was  machined  to  a  32  RA  surface  finish  and 
macro-etched  using  Avesta  Pickling  Paste  101  to  determine  forging  flowlines.  No  anomalous 
microstructure  was  noticed  during  this  examination.  These  sections  of  the  billets  were  not  used 
for  subsequent  mechanical  testing.  The  dimensions  and  sectioning  plan  for  both  of  these  products 
are  illustrated  in  Figure  3. 
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Figure  3.  (a)  Ti-6Al-6V-2Sn  billet  (14824)  and  (b)  Ti-6Al-6V-2Sn  billet  (14828)  indicating 
dimensions  and  orientations  prior  to  specimen  extraction  [Note:  All  dimensions  in  inches] 
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Ti-6Al-4V  &  Ti-6Al-6V-2Sn  Control  Plates  -  The  Ti-6A1-4V  plate  was  purchased  from 
Titanium  Industries,  Inc.  As  shown  in  Figure  4(a),  the  section  of  plate  received  had  nominal 
dimensions  of  14”(w)  x  12”(1)  x  4.25”(t)  and  had  been  produced  per  the  AMS-T-9046 
specification.  The  plate’s  pedigree  traces  back  to  ingot  heat  J91K  produced  by  ATI  Allvac.  The 
plate  was  delivered  in  the  mill-annealed  heat  treat  condition. 

The  Ti-6Al-6V-2Sn  plate  had  originally  been  purchased  for  a  similar  investigation  in 
2005.  The  plate  was  obtained  from  RJ  Enterprise,  Inc.  and  had  original  nominal  dimensions  of 
12”(w)  x  12”(1)  x  4”(t),  as  illustrated  in  Figure  4(b),  and  had  been  produced  per  the  AMS-T-9046 
specification.  The  plate’s  pedigree  traces  back  to  ingot  heat  855401-01  produced  by  RMI.  (Note: 
Upon  receipt,  the  plate  had  been  given  an  internal  designation  of  Ml  247,  and  specimens  from 
this  plate  used  the  1247  for  identification.)  The  plate  was  delivered  in  the  mill  annealed  heat 
treat  condition. 

Prior  to  test  specimen  extraction,  the  billets  were  sectioned  so  that  they  could  be 
subjected  to  non-destructive  evaluation  (NDE)  using  ultrasonic  transmission  (UT).  The  two 
control  plates  were  also  subjected  to  UT  inspection  prior  to  specimen  extraction.  After  the  test 
specimens  were  machined,  they  were  once  again  examined  using  NDE  techniques.  All 
specimens,  except  the  fracture  toughness,  were  examined  using  x-ray  and  fluorescent  penetrant 
inspection  (FPI).  Fracture  toughness  specimens  had  UT  and  FPI  examinations.  Any  resultant 
indications  were  noted  and  photographed  for  use  in  analysis  of  anomalous  test  results. 

Due  to  the  fact  that  billet  material  is  intended  to  be  an  intennediate  product  form  and  not 
meant  for  use  in  component  fabrication,  a  specimen  orientation  system  needed  to  be  established. 
The  standard  designations  of  longitudinal  (L),  long  transverse  (T),  and  short  transverse  (S) 
coordinate  system  were  employed  in  this  investigation  in  order  to  establish  a  consistency  with 
plate  and  bar  product  forms. 


5 

Approved  for  public  release;  distribution  unlimited. 


Figure  4.  (a)  Ti-6A1-4V  plate  (J91K)  and  (b)  Ti-6Al-6V-2Sn  plate  (1247)  indicating 
dimensions  and  orientations  prior  to  specimen  extraction 
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Test  specimens  were  machined  to  the  final  required  geometries  as  shown  in  the  Figures  5 
through  9.  All  of  the  geometries  were  in  accordance  with  the  applicable  test  method  (as 
described  in  the  next  section).  Specimens  were  generally  removed  from  three  planes  through  the 
thickness  where  possible:  the  two  quarter  points  (t/4  and  3t/4)  and  the  midplane  (t/2).  For  short- 
transverse  (S  or  S-L)  oriented  specimens,  the  location  was  determined  by  either  the  center  of  the 
gage  length  or  the  crack  plane.  All  of  the  specimens  were  fabricated  using  the  same  machine 
shop  per  specimen  drawings  provided  by  AFRL/RXS,  in  order  to  minimize  possibility  of 
variability  due  to  specimen  machining.  Special  care  was  given  to  the  traceability  of  the  specimen 
back  to  a  general  location  within  the  billet.  Test  specimens  were  given  a  unique  identification 
that  would  allow  for  this  tracking. 


all  dimensions  in  inches 


Figure  5.  Tensile  Specimen  Configuration 


4.500 


all  dimensions  in  inches 


Figure  6.  Fatigue  Specimen  Configuration 
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all  dimensions  in  inches 


Figure  7.  Eccentrically-Loaded  Single  Edge  Crack  Tension  (ESE(T))  Geometry  used  for 

da/dN  Determination 


All  dimensions  in  inches 

Figure  8.  Compact  (C(T))  Specimen  Configuration  for  Fracture  Toughness  Determination 
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3.275 


0.375-16  UNC-2 


all  dimensions  in  inches 


Figure  9.  Stress  Corrosion  Cracking  (SCC)  Specimen  Configuration 
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SECTION  3 

EVALUATIONS  PERFORMED 


The  test  methodologies  employed  in  this  investigation  are  listed  in  Table  1.  With  the 
exception  of  stress  corrosion  cracking,  all  of  the  tests  were  perfonned  in  accordance  with 
applicable  ASTM  standards  as  referenced  in  the  table.  All  testing  was  perfonned  in  ambient 
laboratory  conditions  (approximately  72°F  and  50%  relative  humidity). 

Table  1.  Test  Methodology 


Test 

ASTM  Method 

Tension  (Modulus) 

Ell  1-04  “Standard  Test  Method  for  Young’s  Modulus, 
Tangent  Modulus,  and  Chord  Modulus” 

Tension 

E8/E8M-08  “Standard  Test  Methods  for  Tension 

Testing  of  Metallic  Materials” 

Fatigue  (force-controlled) 

E466-07  “Standard  Practice  for  Conducting  Force 
Controlled  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials” 

Fatigue  (strain-controlled) 

E606-04  “Standard  Practice  for  Strain-Controlled 

Fatigue  Testing” 

Fatigue  Crack  Growth  Rate 

E647-08  “Standard  Test  Method  for  Measurement  of 
Fatigue  Crack  Growth  Rates” 

Fracture  Toughness 

E399-08  “Standard  Test  Method  for  Linear-Elastic 
Plane-Strain  Fracture  Toughness  KIc  of  Metallic 
Materials” 

Stress  Corrosion  Cracking 

Similar  to  G64-99  “Standard  Classification  of 

Resistance  to  Stress-Corrosion  Cracking  of  Heat- 
Treatable  Aluminum  Alloys” 

Applied  stress  =  75%  of  specification  tensile  yield 
strength  /  40  days 

3.5%  NaCl  solution  -  alternate  immersion  (10  min 
wet/50  min  dry) 

Tension  (Modulus)  -  Prior  to  perfonning  full-range  tension  testing,  approximately  10% 
of  the  machined  tension  specimens  were  used  to  generate  modulus  data  using  the  procedures 
outlined  in  ASTM  El  1 1.  For  this  testing  the  specimens  were  loaded  to  a  maximum  stress  below 
the  proportional  limit,  so  as  to  remain  within  the  linear  region  of  the  stress-strain  curve.  The  test 
was  repeated  three  times  per  specimen,  with  the  specimen  being  rotated  120°  between  test  runs. 
Strain  was  measured  using  an  MTS  averaging  extensometer  (B- 1  classification)  with  a  one-inch 
gage  length.  The  average  modulus  from  the  three  runs  was  recorded  as  the  final  elastic  modulus. 

Tension  -  Tension  testing  was  perfonned  on  an  Instron  electro-mechanical  test  machine 
in  accordance  with  ASTM  E8.  Strain  was  measured  using  an  Instron  one-inch  gage  length 
extensometer.  The  extensometer  was  removed  from  the  specimen  prior  to  reaching  ultimate  load 
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to  prevent  damage  to  the  instrument  during  specimen  breakage.  Elongation  and  reduction  of 
area  measurements  were  made  using  the  “fit-back”  method. 

Fatigue  ( Force-controlled )  -  Axial  fatigue  testing  was  performed  under  force-controlled 
conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM  E466.  Stress 
ratios  (R)  of  0.05  and  -1  were  used  in  this  investigation.  Replicate  specimens  were  tested  at  four 
applied  stress  levels  for  each  of  the  stress  ratios. 

Fatigue  (Strain-controlled)  -  Axial  fatigue  testing  was  perfonned  under  strain-controlled 
conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM  E606.  An 
MTS  one-inch  gage  length  extensometer  was  used  for  strain  measurement.  The  testing 
frequency  used  was  1  Hz.  Strain  ratios  (Rs  =  smin/smax)  of  0.05  and  -1  (or  A-ratios  of  0.90  and 
oo,  respectively)  was  examined  for  both  alloys.  Replicate  specimens  were  tested  at  four  applied 
strain  levels  for  each  of  the  ratios. 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  testing  was  performed  on  MTS 
servo-hydraulic  test  machines  per  ASTM  E647  using  computer  data  acquisition  and  control 
systems  developed  in-house.  Crack  length  was  measured  using  compliance  techniques  with 
standard  crack-opening-displacement  (COD)  gages.  Testing  was  performed  under  decreasing  K- 
control  (C  =  -2)  until  a  near-threshold  growth  rate  (--5x10-8  in/cycle)  was  obtained,  at  which 
point  the  test  was  then  run  under  constant  amplitude  load  control  (AK-increasing)  for  the 
remainder  of  the  test.  Initial  and  final  crack  lengths  were  measured  optically  for  use  in  post-test 
crack  correlation  calculations.  A  test  frequency  of  25  Hz  was  used  throughout  the  test,  with 
humidity  maintained  at  50%,  ±10%  for  the  duration  of  the  test.  Specimens  were  tested  using 
stress  ratios  (R)  of  0.1  and  0.7.  Two  orientations  were  tested  for  this  program,  L-T  and  S-L, 
where  the  first  letter  indicates  the  loading  direction  and  the  second  letter  indicates  the  direction 
of  crack  propagation.  The  ESE(T)  specimen  geometry  was  utilized  for  the  billet  material  in 
order  to  minimize  any  potential  for  out-of-plane  cracking  due  to  anisotropy  in  the  material. 

Fracture  Toughness  -  Plane-strain  fracture  toughness  testing  was  performed  in 
accordance  with  ASTM  E399  on  a  Tinius-Olsen  electro-mechanical  test  machine.  Specimen 
precracking  was  performed  on  an  MTS  servo-hydraulic  test  machine.  Crack  length  was 
monitored  via  compliance  techniques  using  an  MTS  COD  gage  as  previously  described.  Initial 
and  final  crack  lengths  were  measured  optically  post-test. 

Stress  Corrosion  Cracking  (SCC)  -  The  rationale  for  performing  this  type  of  test  was  that 
since  the  billet  material  had  not  been  subject  to  final  hot  working,  the  microstructure  may  not 
have  been  fully  homogenized,  leading  to  the  potential  for  localized  aluminum  segregation.  If 
this  were  to  occur,  those  areas  would  be  more  susceptible  to  the  effect  of  stress  corrosion 
cracking,  particularly  at  this  applied  stress  level. 

For  this  investigation,  stress  corrosion  cracking  tests  were  therefore  performed  in  order  to 
simply  give  pass/fail  results.  As  there  is  no  ASTM  test  method  for  SCC  of  titanium  alloys  in  a 
salt  water  environment,  the  procedure  outlined  in  ASTM  G64  (“A”  level)  was  used.  This 
procedure  has  been  adopted  for  use  within  AFRL/RXS  as  a  standard  SCC  test.  Specimens  were 
axially  loaded  (statically)  in  an  alternate  immersion,  3.5%  NaCl  solution  such  that  the  specimens 
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were  submerged  in  the  solution  for  10  minutes  and  then  dry  air  for  the  remaining  50  minutes  of 
an  hour.  Samples  were  loaded  at  75%  of  the  specification  yield  strength  (for  plate  and  bar).  For 
the  Ti-6A1-4V  alloy,  the  applied  stress  was  90  ksi;  for  the  Ti-6Al-6V-2Sn  the  applied  stress  was 
101.3  ksi.  The  test  duration  for  all  tests  was  40  days  or  approximately  1000  hours.  Failure 
criterion  was  no  failure  of  the  specimen  during  the  40  day  period. 
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SECTION  4 
RESULTS 


Individual  reports  [2-7]  covering  the  specific  test  and  analysis  of  each  of  the  materials  are 
furnished  in  Appendices  A-E  at  the  end  of  this  report.  Key  results  of  the  testing  described  in  this 
report  are  summarized  in  Table  2. 

Statistical  analyses  were  utilized  to  determine  RLBs/life  factors  for  tensile  strength 
(ultimate  and  yield),  fatigue,  and  fatigue  crack  growth  rate.  Tensile  ductility  (elongation  and 
reduction  of  area),  elastic  modulus,  and  fracture  toughness  RLBs  were  determined  by  the  lowest 
value  in  the  test  population. 

Results  of  testing  performed  on  improperly  processed  titanium  material  have  shown  that 
material  properties  often  do  not  meet  specifications  and  requirements.  This  report  has 
documented  this  for  the  titanium  alloys  Ti-6A1-4V  and  Ti-6Al-6V-2Sn. 

Engineers  and  designers  must  account  for  reduced  properties  when  assessing  the  integrity 
and  safety  of  components  that  are,  or  may  have  been,  made  with  improperly  processed  materials. 
This  report  provides  data  for  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  that  should  be  used  in  such 
assessments. 
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Table  2.  Summary  of  Mechanical  Property  Data  on  Improperly  Processed  Titanium 


Property 

Alloy 

Reasonable 
Lower  Bound  / 
Life  Factor 

Difference  from  Specification 
Minimum  Value 

Ftu 

Ti-6A1-4V 

130  ksi 

MMPDS  A-basis 

Ti-6Al-6V-2Sn 

137  ksi 

8  ksi  lower  than  AMS-T-9046 
(2”-4”) 

Fty 

Ti-6A1-4V 

1 1 8  ksi 

MMPDS  A-basis 

Ti-6Al-6V-2Sn 

131  ksi 

4  ksi  lower  than  AMS-T-9046 
(2”-4”) 

%  elongation 

Ti-6A1-4V 

6.7% 

3.3%  lower  than  AMS-T-9046, 
9047 

Ti-6Al-6V-2Sn 

8% 

AMS-T-9046  (2”-4”)  Spec  Min 

%  reduction  of 

area 

Ti-6A1-4V 

10% 

15%  lower  than  AMS-T-9047 
(<4”) 

Ti-6Al-6V-2Sn 

19% 

1%  lower  than  AMS-T-9047 
(L-orientation) 

E 

Ti-6A1-4V 

15.3  msi 

0.7  msi  lower  than  MMPDS 
typical 

Ti-6Al-6V-2Sn 

14.2  msi 

1.8  msi  lower  than  MMPDS 
typical 

KIc 

Ti-6A1-4V 

59.8  ksiVin 

n/a| 

Ti-6Al-6V-2Sn 

55.7  ksWin 

S-N  Fatigue* 

Ti-6A1-4V 

0.61 

n/a| 

Ti-6Al-6V-2Sn 

0.14 

s-N  Fatigue* 

Ti-6A1-4V 

0.70 

n/a| 

Ti-6Al-6V-2Sn 

0.69 

Fatigue  Crack 
Growth  Rate* 

Ti-6A1-4V 

lx 

n/a| 

Ti-6Al-6V-2Sn 

2x 

where: 

Ftu:  ultimate  tensile  strength 

F ty :  tensile  yield  strength 

E:  elastic  modulus 

Kic:  plane  strain  fracture  toughness 
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f :  No  specification  minimum  value  exists  for  this  property.  Data  from  tested  control  plates  were 
used  in  the  detennination  of  RLB  or  life  factor. 


*:  Fatigue  &  crack  growth  rate  life  factors  discussed  in  this  report  that  describe  the  relationship 
between  titanium  billet  and  plate  should  be  used  for  initial  screening  purposes  only.  These 
factors  represent  worst  case  comparisons  FOR  ONLY  TWO  STRESS  RATIOS  (R=0.05  and  -1 
for  fatigue,  R=0.1  and  0.7  for  fatigue  crack  growth  rate);  factors  approach  1.0  at  certain  regions 
of  the  curves  from  which  the  factors  were  derived.  If  a  program’s  initial  screening  indicates  that 
sufficient  maintenance  intervals  continue  to  exist  for  titanium  components,  no  further  analysis  is 
required.  However,  if  maintenance  intervals  are  found  to  be  unacceptable  during  an  initial 
screening  using  the  published  factors,  a  program  may  conduct  further  analysis  using  the  full 
range  of  the  test  data  provided  by  AFRL  supplemented,  as  appropriate,  with  test  data  and 
analysis  generated  by  the  program. 
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SECTION  5 
CONCLUSIONS 


Improperly  processed  materials  can  have  material  properties  that  do  not  meet 
specifications  and  requirements.  This  report  has  documented  this  effect  for  improperly 
processed  titanium  alloys  Ti-6A1-4V  and  Ti-6Al-6V-2Sn. 

Engineers  and  designers  must  account  for  reduced  properties  when  assessing  the  integrity 
and  safety  of  components  that  are,  or  may  have  been,  made  with  improperly  processed  materials. 
This  report  provides  data  for  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  that  should  be  used  in  such 
assessments. 
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This  information  should  be  used  only  to  evaluate  the  potential  impact  of  improperly  substituted  titanium. 

This  information  should  not  be  used  for  design  purposes  in  place  of  material  properties  from  specifications 
or  MMPDS  entries  covering  titanium  plate,  bar,  or  other  product  forms. 

This  information  should  not  be  used  to  analyze  components  manufactured  from  titanium  stock  that  is  known 
to  be  compliant  with  applicable  specifications. 

CAUTION 
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BACKGROUND 


An  ongoing  federal  investigation  has  identified  a  risk  associated  with  improperly 
processed  titanium  (Ti)  material  being  used  in  the  fabrication  of  critical  safety  items  and 
safety-of-flight  components  in  USAF,  DoD,  NASA,  FAA,  and  other  systems.  At  the  direction 
of  AFMC/CC,  a  Titanium  Task  Force  (led  by  AFMC/EN)  was  formed  to  further  define  risk  to 
USAF  systems  and  to  assist  with  mitigation  efforts.  The  suspect  Ti  material  (e.g.,  "billet,” 
"reforging  stock”)  was  never  intended  to  be  machined  to  the  final  forms  in  which  it  is  now 
possibly  being  used.  This  R&D  testing  program  will  develop  new  baseline  (reasonable 
lower  bound)  properties  on  a  heretofore  not  fully  characterized  form  of  Ti.  The  decision  to 
refer  to  these  baseline  values  as  "reasonable  lower  bounds”  is  based  on  the  fact  that  an 
insufficient  quantity  of  material  heats  and  lots  were  represented  for  the  calculation  of 
traditional  MMPDS  m  A-  or  B-,  or  even  S-basis  allowables.  However,  the  number 
specimens  tested  (often  in  replicate)  is  significant.  Thus  "reasonable  lower  bound”  was 
chosen  as  the  proper  phrase  to  describe  properties  derived  from  the  testing  of  multiple 
specimens  from  the  two  heats  (per  alloy)  of  material  in  this  program.  While  these  do  not 
meet  the  requirements  for  standard  baseline  property  determination,  they  are, 
nevertheless,  significant. 

This  report  is  intended  to  summarize  the  mechanical  testing  of  one  Ti-6A1-4V  billet. 
The  data  presented  in  this  report  is  shown  on  a  "preliminary"  basis  and  should  not  be  used 
for  design  purposes. 


MATERIAL  DESCRIPTION 


The  Ti-6A1-4V  billet  summarized  in  this  report  was  purchased  from  Titanium 
Industries,  Inc.  As  shown  in  Figure  1,  the  section  received  had  nominal  dimensions  of 
24"(w)  x  18.5”(1)  x  6.5”(t)  and  had  been  produced  per  the  AMS  4928R  and  AMS-T-9047 
specifications.  The  billet’s  pedigree  traces  back  to  an  ingot  heat  HC-14177  produced  by 
Howmet  Castings.  (Note:  In  this  report,  the  billet  has  been  identified  through  the  number 
75838,  rather  than  the  heat  number.)  The  billet  was  delivered  in  the  mill-annealed  heat 
treat  condition. 

Due  to  the  fact  that  billet  material  is  intended  to  be  an  intermediate  product  form 
and  not  meant  for  use  in  component  fabrication,  a  specimen  orientation  system  needed  to 
be  established.  The  standard  designations  of  longitudinal  (L),  long  transverse  (T),  and 
short  transverse  (S)  coordinate  system  were  employed  in  this  investigation  in  order  to 
establish  a  consistency  with  plate  and  bar  product  forms.  For  this  billet,  the  L-orientation 
was  assigned  to  the  billet  length,  the  T-orientation  to  the  billet  width,  and  the  S-orientation 
to  the  billet  thickness  as  illustrated  in  Figure  1. 

Prior  to  test  specimen  extraction,  the  billet  was  sub-sectioned  (per  the  dashed  lines 
shown  in  Fig.  1)  so  that  it  could  be  subjected  to  non-destructive  evaluation  (NDE)  using 
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ultrasonic  transmission  (UT).  One  relevant  indication  was  noted  during  this  evaluation  and 
the  location  was  removed  from  the  billet  for  further  examination  (as  indicated  by  the 
hatched  region  in  Fig.  1).  After  the  test  specimens  were  machined,  they  were  once  again 
examined  using  NDE  techniques.  All  specimens,  except  the  fracture  toughness,  were 
examined  using  x-ray  and  fluorescent  penetrant  inspection  (FPI).  Fracture  toughness 
specimens  had  UT  and  FPI  examinations.  Any  resultant  indications  were  noted  and 
photographed  for  use  in  analysis  of  anomalous  test  results. 


S. 


Figure  1.  Ti-6A1-4V  billet  (#75838)  indicating  dimensions,  orientations,  and  sectioning 

plan  prior  to  specimen  extraction. 


TEST  PLAN 


Test  Specimens  -  The  test  specimens  were  excised  approximately  from  the 
locations  shown  in  Figure  2.  Specimens  were  removed  from  three  planes  through  the 
thickness  where  possible:  the  two  quarter  points  (t/4  and  3t/4)  and  the  midplane  (t/2). 
Throughout  this  report,  specimen  location  within  the  thickness  is  designated  by  either  "A” 
(t/4),  "B"  (t/2),  or  "C"  (3t/4).  For  short-transverse  (S  or  S-L)  oriented  specimens,  the 
location  was  determined  by  either  the  center  of  the  gage  length  or  the  crack  plane. 
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Tension  (L) 


Fatigue  (L) 


Fracture 

Toughness  (L-T) 


SCC  (S) 


SCC  (L) 


Figure  2.  Specimen  location  layout  drawing. 


Test  specimens  were  machined  to  the  final  required  geometries  as  shown  in  the 
Figures  3  through  7.  All  of  the  geometries  were  in  accordance  with  the  applicable  test 
method  (as  described  in  the  next  section).  All  of  the  specimens  were  fabricated  using  the 
same  machine  shop  per  specimen  drawings  provided  by  AFRL/RXSCE,  in  order  to  minimize 
possibility  of  variability  due  to  specimen  machining.  Special  care  was  given  to  the 
traceability  of  the  specimen  back  to  a  general  location  within  the  billet.  Test  specimens 
were  given  a  unique  identification  that  would  allow  for  this  tracking. 


all  dimensions  in  inches 


Figure  3.  Geometry  of  tensile  test  specimen. 
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4.500 


all  dimensions  in  inches 


Figure  4.  Geometry  of  fatigue  test  specimen.  (Note:  gage  section  was  low-stress  ground  to 
a  final  surface  finish  of  8  Ra  and  then  hand-polished  longitudinally  to  remove  all 

circumferential  scratches.) 


—  0.200 


—  1.500  — 


0.300 


5.550 


all  dimensions  in  inches 


Figure  5.  Geometry  of  fatigue  crack  growth  rate  ESE(T)  test  specimen. 


23 

Approved  for  public  release;  distribution  unlimited. 


All  dimensions  in  inches 


Figure  6.  Geometry  of  fracture  toughness  C(T)  test  specimen. 


3.275 


0.185  D. 


0.375-16  UNC-2 


all  dimensions  in  inches 


Figure  7.  Geometry  of  stress  corrosion  cracking  (SCC)  test  specimen. 


Test  Methods  -  The  test  methodologies  used  in  this  investigation  are  listed  in  Table 
1.  With  the  exception  of  stress  corrosion  cracking,  all  of  the  tests  were  performed  in 
accordance  with  applicable  ASTM  standards.  All  testing  was  performed  in  ambient 
laboratory  conditions  (approximately  72°F  and  50%  relative  humidity). 
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Table  1.  Test  Methodology 


Test 

ASTM  Method 

Tension  (Modulus) 

E  111-04  "Standard  Test  Method  for  Young’s  Modulus, 
Tangent  Modulus,  and  Chord  Modulus” 

Tension 

E  8/E  8M-08  "Standard  Test  Methods  for  Tension  Testing 
of  Metallic  Materials" 

Fatigue  (force-controlled) 

E  466-07  "Standard  Practice  for  Conducting  Force 
Controlled  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials" 

Fatigue  (strain-controlled) 

E606-04  "Standard  Practice  for  Strain-Controlled  Fatigue 
Testing" 

Fatigue  Crack  Growth  Rate 

E  647-08  "Standard  Test  Method  for  Measurement  of 
Fatigue  Crack  Growth  Rates" 

Fracture  Toughness 

E  399-08  "Standard  Test  Method  for  Linear-Elastic  Plane- 
Strain  Fracture  Toughness  Kic  of  Metallic  Materials" 

Stress  Corrosion  Cracking 

Similar  to  G  64-99  "Standard  Classification  of  Resistance 
to  Stress-Corrosion  Cracking  of  Heat-Treatable  Aluminum 
Alloys" 

Applied  stress  =  75%  of  specification  tensile  yield 
strength  /  40  days 

3.5%  NaCl  solution  -  alternate  immersion  (10  min  wet/50 
min  dry) 

Tension  (Modulus)  -  Prior  to  performing  full-range  tension  testing,  10%  of  the 
machined  tension  specimens  were  used  to  generate  modulus  data  using  the  procedures 
outlined  in  ASTM  Elll.  For  this  testing  the  specimens  were  loaded  to  a  maximum  stress 
below  the  proportional  limit,  so  as  to  remain  within  the  linear  region  of  the  stress-strain 
curve.  The  test  was  repeated  three  times  per  specimen,  with  the  specimen  being  rotated 
120°  between  test  runs.  Strain  was  measured  using  an  MTS  averaging  extensometer  (B-l 
classification)  with  a  one-inch  gage  length.  The  average  modulus  from  the  three  runs  was 
recorded  as  the  final  elastic  modulus. 

Tension  -  Tension  testing  was  performed  on  an  Instron  electro-mechanical  test 
machine  in  accordance  with  ASTM  E8.  Strain  was  measured  using  an  Instron  one-inch  gage 
length  extensometer.  The  extensometer  was  removed  from  the  specimen  prior  to  reaching 
ultimate  load  to  prevent  damage  to  the  instrument  during  specimen  breakage.  Elongation 
and  reduction  of  area  measurements  were  made  using  the  "fit-back"  method. 

Fatigue  (Force-controlled)  -  Axial  fatigue  testing  was  performed  under  force- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
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E466.  Stress  ratios  (R)  of  0.05  and  -1  were  used  in  this  investigation.  Replicate  specimens 
were  tested  at  four  applied  stress  levels  for  each  of  the  stress  ratios. 

Fatigue  ( Strain-controlled )  -  Axial  fatigue  testing  was  performed  under  strain- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
E606.  An  MTS  one-inch  gage  length  extensometer  was  used  for  strain  measurement.  The 
testing  frequency  used  was  1  Hz.  A  strain  ratio  (R£  =  Smin/£max)  of  -1  was  used  for  these 
specimens.  Due  to  the  limited  number  of  specimens  available  from  this  particular  billet, 
only  a  limited  amount  of  replicate  testing  was  performed. 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  testing  was  performed  on  an 
MTS  servo-hydraulic  test  machine  per  ASTM  E647  using  computer  data  acquisition  and 
control  systems  developed  in-house.  Crack  length  was  measured  via  using  compliance 
techniques  with  standard  crack-opening-displacement  (COD)  gages.  Testing  was 
performed  under  K-control  (C=-2)  until  a  near-threshold  growth  rate  was  obtained,  at 
which  point  the  test  was  then  run  under  constant  amplitude  (constant  load)  conditions  for 
the  remainder  of  the  test.  Initial  and  final  crack  lengths  were  measured  optically  for  use  in 
post-test  crack  correlation  calculations.  A  test  frequency  of  25  Hz  was  used  throughout  the 
test,  with  humidity  maintained  at  50%,  ±10%  for  the  duration  of  the  test.  Specimens  were 
tested  using  stress  ratios  (R)  of  0.1  and  0.7.  Two  orientations  were  tested  for  this  program, 
L-T  and  S-L,  where  the  first  letter  indicates  the  loading  direction  and  the  second  letter 
indicates  the  direction  of  crack  propagation.  The  ESE(T)  specimen  geometry  was  utilized 
for  the  billet  material  in  order  to  minimize  any  potential  for  out-of-plane  cracking  due  to 
anisotropy  in  the  material. 

Fracture  Toughness  -  Plane-strain  fracture  toughness  tests  were  performed  in 
accordance  with  ASTM  E399  on  a  Tinius-Olsen  electro-mechanical  test  machine.  Specimen 
precracking  was  performed  on  an  MTS  servo-hydraulic  test  machine.  Crack  length  was 
monitored  via  compliance  techniques  using  an  MTS  COD  gage  as  previously  described. 
Initial  and  final  crack  lengths  were  measured  optically  post-test. 

Stress  corrosion  cracking  -  The  theory  behind  this  testing  was  that  since  the  billet 
material  had  not  been  subject  to  final  hot  working,  the  microstructure  would  not  be  fully 
homogenized,  leading  to  the  potential  for  localized  aluminum  segregation.  If  this  were  to 
occur,  those  areas  would  be  more  susceptible  to  the  effect  of  stress  corrosion  cracking, 
particularly  at  this  applied  stress  level. 

For  this  investigation,  stress  corrosion  cracking  tests  were  therefore  performed  in 
order  to  simply  give  pass/fail  results.  As  there  is  currently  no  ASTM  test  method  for  SCC  of 
titanium  alloys,  the  procedure  outlined  in  ASTM  G64  ("A”  level)  was  used.  This  procedure 
has  been  adopted  for  use  within  AFRL/RXSCE  as  a  standard  SCC  test.  Specimens  were 
axially  loaded  (statically)  in  an  alternate  immersion,  3.5%  NaCl  solution  such  that  the 
specimens  were  submerged  in  the  solution  for  10  minutes  and  then  allowed  to  dry  for  the 
next  50  minutes  each  hour.  The  specimens  were  loaded  at  75%  of  the  specification  yield 
strength  (for  plate  and  bar).  For  this  alloy,  the  applied  stress  was  90  ksi.  The  test  duration 
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was  set  at  40  days.  To  pass  the  test,  no  failure  of  the  specimen  could  occur  during  the  40 
loading  cycle. 

FACTUAL  DATA 


Tension  -  The  results  of  tensile  testing  are  shown  in  Tables  2(a)  through  2(e). 
Strength  levels  for  all  specimens  were  above  the  specification  minimum  values  shown  in 
AMS-T-9046  (plate)  or  AMS-T-9047  (bar)  for  this  alloy.  However,  some  of  the  specimens 
did  have  ductility  (elongation  and  reduction  of  area)  results  that  fell  below  the  specification 
minimum  values  (highlighted  in  red  in  the  tables);  particularly  in  the  short-transverse 
orientation.  Elastic  modulus  values  were  all  within  the  range  expected  for  this  alloy.  There 
was  also  very  little  difference  between  those  modulus  results  from  ASTM  El  11  tests  and 
those  obtained  from  the  E8  tensile  test  record.  In  addition,  there  did  not  appear  to  be  a 
difference  between  specimens  excised  from  the  three  different  thickness  locations. 

Although  the  "reasonable  lower  bound"  for  the  alloy  will  be  calculated  after  the 
completion  of  testing  of  a  second  Ti-6A1-4V  billet  and  identified  in  a  future  report,  for  this 
billet  a  preliminary  reasonable  lower  bound  was  calculated  using  the  procedures  described 
in  MMPDS  Section  9.4.1  and  assuming  normality  in  the  data  population.  The  equation  used 
for  the  calculation  of  these  preliminary  values  (for  strength  only)  was: 

Minimum  S  =  X  —  s  *  k<^ 

where 

*  =  sample  mean 

s  =  standard  deviation 

kgg  =  one-sided  tolerance-limit  factor  corresponding  to  a  proportion  at  least  0.99  of  a  normal 

distribution  and  a  confidence  coefficient  of  0.95  based  on  the  number  of  specimens  in  the  given 
population.  For  this  report,  a  kgg  factor  of  2.68  was  used,  representing  a  population  size  of  101. 


It  should  be  noted  that  the  AMS-T-9046  specification  does  not  list  minimum 
properties  for  the  short-transverse  orientation.  Due  to  evidence  indicating  that  non- 
conforming  materials  have  been  cut-down  from  billet  and  purported  as  plate  or  bar,  the 
expected  orientation  system  may  not  have  been  known  during  component  fabrication. 
Therefore,  the  results  from  the  two  orientations  tested  have  been  grouped  together  in 
order  to  provide  reasonable  lower  bound  properties.  After  calculating  these  values,  they 
were  compared  with  both  the  specification  minimums  and  MMPDS  A-basis  allowables.  The 
lesser  of  the  values  were  established  as  the  reasonable  lower  bound  property.  These 
preliminary  reasonable  lower  bound  properties  are  shown  in  Table  3.  For  modulus, 
elongation,  and  reduction  of  area,  the  minimum  value  from  the  data  has  been  used  as  the 
preliminary  reasonable  lower  bound. 
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Table  2.  Tensile  test  results. 

(a)  Longitudinal  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

75838-T-L-l-A 

L 

t/4 

131.2 

139.0 

14.6% 

26.6% 

16.6 

16.9 

L-2-A 

L 

t/4 

130.5 

138.2 

14.5% 

28.7% 

16.9 

L-3-A 

L 

t/4 

130.4 

137.9 

12.6% 

24.6% 

17.0 

L-4-A 

L 

t/4 

a 

a 

0 

0 

17.2 

0 

L-5-A 

L 

t/4 

128.4 

136.9 

13.7% 

21.4% 

17.4 

L-6-A 

L 

t/4 

129.5 

137.3 

13.4% 

25.7% 

17.5 

L-7-A 

L 

t/4 

128.9 

137.1 

15.2% 

23.4% 

16.9 

L-8-A 

L 

t/4 

127.9 

135.6 

13.9% 

26.4% 

17.1 

L-9-A 

L 

t/4 

126.9 

134.5 

13.2% 

26.3% 

17.2 

L-10-A 

L 

t/4 

128.2 

135.3 

16.2% 

22.3% 

17.2 

L-ll-A 

L 

t/4 

127.9 

137.1 

14.3% 

26.1% 

17.2 

L-12-A 

L 

t/4 

126.2 

135.8 

13.7% 

21.1% 

17.2 

L-13-A 

L 

t/4 

126.7 

134.0 

12.0% 

21.2% 

16.7 

L-14-A 

L 

t/4 

127.8 

135.6 

15.4% 

25.1% 

17.2 

L-15-A 

L 

t/4 

126.4 

135.9 

15.3% 

25.8% 

17.5 

L-16-A 

L 

t/4 

126.8 

135.4 

13.7% 

21.1% 

17.3 

L-17-A 

L 

t/4 

126.8 

135.5 

15.2% 

27.1% 

17.3 

L-18-A 

L 

t/4 

126.2 

134.3 

15.2% 

22.3% 

17.1 

L-19-A 

L 

t/4 

127.9 

136.0 

12.3% 

22.3% 

17.6 

L-20-A 

L 

t/4 

126.3 

134.8 

13.3% 

25.9% 

17.2 

L-21-A 

L 

t/4 

127.0 

135.6 

12.7% 

19.6% 

17.1 

L-22-A 

L 

t/4 

126.3 

133.8 

12.9% 

26.3% 

17.5 

L-23-A 

L 

t/4 

126.5 

134.3 

13.3% 

29.2% 

16.9 

L-24-A 

L 

t/4 

127.3 

135.9 

11.7% 

23.1% 

17.2 

AMS-T-9046 

120 

130 

10% 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 

(4"-6") 

120 

130 

10%  [8%]b 

20% 

[15%]fa 

MMPDS  A-basis 

118 

130 

10 

16.0 

[a]  Specimen  damaged  prior  to  ASTM  E8  tensile  test. 

(b)  Values  in  brackets  [  ]  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(b)  Longitudinal  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(Msi) 

Elastic 

Modulus, 

E8 

(Msi) 

75838-T-L-l-B 

L 

t/2 

130.3 

138.1 

8.3% 

12.4% 

17.1 

L-2-B 

L 

t/2 

128.2 

135.9 

14.3% 

23.8% 

16.9 

L-3-B 

L 

t/2 

129.8 

137.6 

13.6% 

22.8% 

16.8 

L-4-B 

L 

t/2 

128.0 

135.6 

13.0% 

25.2% 

17.0 

L-5-B 

L 

t/2 

125.7 

133.4 

11.3% 

19.9% 

16.4 

L-6-B 

L 

t/2 

125.9 

133.5 

14.9% 

33.2% 

16.8 

L-7-B 

L 

t/2 

127.6 

136.0 

13.0% 

24.0% 

17.7 

L-8-B 

L 

t/2 

127.4 

135.5 

12.0% 

25.5% 

17.6 

L-9-B 

L 

t/2 

126.1 

133.9 

11.7% 

26.4% 

17.3 

L-10-B 

L 

t/2 

126.0 

133.6 

11.1% 

22.9% 

17.0 

L-ll-B 

L 

t/2 

126.5 

134.5 

11.6% 

22.3% 

16.9 

L-12-B 

L 

t/2 

125.1 

133.2 

11.8% 

25.9% 

17.2 

L-13-B 

L 

t/2 

124.0 

132.0 

12.2% 

26.5% 

16.7 

L-14-B 

L 

t/2 

126.1 

134.5 

16.5% 

23.4% 

17.1 

L-15-B 

L 

t/2 

123.9 

130.9 

13.5% 

22.6% 

16.5 

L-16-B 

L 

t/2 

125.2 

133.6 

12.1% 

23.3% 

17.1 

17.3 

L-17-B 

L 

t/2 

124.4 

132.6 

11.8% 

18.6% 

16.9 

17.3 

L-18-B 

L 

t/2 

123.5 

132.3 

14.6% 

21.5% 

16.3 

L-19-B 

L 

t/2 

124.1 

130.9 

15.7% 

27.4% 

16.3 

L-20-B 

L 

t/2 

126.6 

133.9 

11.6% 

23.1% 

16.6 

L-21-B 

L 

t/2 

125.1 

131.2 

14.2% 

26.9% 

17.0 

L-22-B 

L 

t/2 

124.2 

133.4 

15.6% 

27.0% 

16.4 

L-23-B 

L 

t/2 

127.7 

135.6 

15.9% 

22.9% 

17.3 

L-24-B 

L 

t/2 

126.4 

132.9 

12.9% 

24.2% 

17.2 

AMS-T-9046 

120 

130 

10 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 

(4"-6") 

120 

130 

10%  [8%]° 

20% 

[15%]° 

MMPDS  A-basis 

118 

130 

10 

16.0 

(a)  Values  in  brackets  [  ]  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(c)  Longitudinal  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

75838-T-L-l-C 

L 

3t/4 

129.4 

137.2 

10.1% 

19.5% 

16.6 

L-2-C 

L 

3t/4 

130.4 

137.7 

13.0% 

27.9% 

16.8 

L-3-C 

L 

3t/4 

129.0 

136.5 

13.3% 

29.3% 

16.8 

L-4-C 

L 

3t/4 

129.6 

137.2 

14.0% 

25.3% 

17.5 

L-5-C 

L 

3t/4 

128.6 

135.9 

11.6% 

22.0% 

17.2 

L-6-C 

L 

3t/4 

129.1 

136.9 

14.8% 

26.4% 

17.0 

L-7-C 

L 

3t/4 

126.4 

134.4 

12.6% 

19.7% 

16.8 

L-8-C 

L 

3t/4 

126.8 

135.2 

11.0% 

21.6% 

17.0 

17.0 

L-9-C 

L 

3t/4 

127.1 

135.1 

12.2% 

26.4% 

16.9 

L-10-C 

L 

3t/4 

127.5 

135.3 

13.4% 

26.6% 

17.3 

L-ll-C 

L 

3t/4 

127.6 

135.2 

13.1% 

26.4% 

17.1 

L-12-C 

L 

3t/4 

128.9 

136.7 

14.5% 

22.5% 

17.8 

L-13-C 

L 

3t/4 

125.9 

134.3 

17.7% 

24.3% 

16.9 

L-14-C 

L 

3t/4 

127.3 

135.2 

15.0% 

23.5% 

17.4 

L-15-C 

L 

3t/4 

126.7 

134.3 

13.2% 

21.6% 

17.2 

L-16-C 

L 

3t/4 

125.7 

134.5 

15.1% 

24.0% 

16.8 

17.1 

L-17-C 

L 

3t/4 

128.5 

135.6 

13.6% 

22.9% 

17.4 

L-18-C 

L 

3t/4 

127.6 

134.3 

12.7% 

26.1% 

16.6 

L-19-C 

L 

3t/4 

128.0 

135.6 

13.5% 

20.9% 

16.7 

L-20-C 

L 

3t/4 

127.9 

135.6 

15.9% 

19.5% 

16.7 

L-21-C 

L 

3t/4 

125.9 

135.2 

13.0% 

21.2% 

16.6 

L-22-C 

L 

3t/4 

129.2 

134.9 

14.1% 

24.8% 

16.6 

L-23-C 

L 

3t/4 

127.6 

136.4 

13.5% 

23.1% 

17.5 

L-24-C 

L 

3t/4 

129.0 

136.5 

18.3% 

24.8% 

17.1 

AMS-T-9046 

120 

130 

10 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 

(4"-6") 

120 

130 

10%  [8%]° 

20% 

[15%]“ 

MMPDS  A-basis 

118 

130 

10 

16.0 

(a)  Values  in  brackets  []  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(d)  Short-transverse  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(Msi) 

Elastic 

Modulus, 

E8 

(Msi) 

75838-T-S-l-A 

S 

t/4 

128.9 

139.7 

10.4% 

22.1% 

16.5 

16.0 

S-2-A 

S 

t/4 

128.2 

137.7 

6.7% 

24.6% 

16.4 

16.5 

S-3-A 

s 

t/4 

127.1 

140.2 

10.5% 

17.6% 

16.4 

S-4-A 

s 

t/4 

128.2 

139.6 

10.0% 

14.3% 

17.0 

S-5-A 

s 

t/4 

128.7 

139.6 

7.9% 

10.0% 

16.5 

S-6-A 

s 

t/4 

126.3 

140.0 

11.0% 

14.9% 

16.5 

S-7-A 

s 

t/4 

127.6 

139.4 

8.5% 

14.8% 

16.5 

S-8-A 

s 

t/4 

126.8 

139.8 

9.3% 

19.8% 

16.2 

S-9-A 

s 

t/4 

126.6 

139.1 

10.2% 

16.5% 

16.5 

S-10-A 

s 

t/4 

128.4 

139.3 

8.8% 

18.6% 

16.7 

S-ll-A 

s 

t/4 

127.9 

140.3 

10.4% 

19.9% 

16.6 

S-12-A 

s 

t/4 

126.7 

139.0 

11.8% 

17.9% 

16.3 

S-13-A 

s 

t/4 

126.0 

138.7 

10.4% 

18.7% 

16.6 

S-14-A 

s 

t/4 

128.3 

138.3 

9.5% 

16.5% 

16.0 

S-15-A 

s 

t/4 

127.8 

137.4 

7.8% 

13.4% 

16.5 

AMS-T-9046 

120 

130 

10 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 
(4" -6") 

120 

130 

10%  [8%]° 

20% 

[15%]“ 

MMPDS  A-basis 

118 

130 

10 

16.0 

(a)  Values  in  brackets  [  ]  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(e)  Short-transverse  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(Msi) 

Elastic 

Modulus, 

E8 

(Msi) 

75838-T-S-l-C 

S 

3t/4 

127.5 

139.1 

9.9% 

24.2% 

16.7 

S-2-C 

S 

3t/4 

129.6 

140.1 

11.9% 

19.9% 

16.5 

16.6 

S-3-C 

s 

3t/4 

129.4 

140.5 

10.0% 

17.7% 

16.5 

16.8 

S-4-C 

s 

3t/4 

128.9 

140.7 

11.5% 

19.5% 

17.2 

S-5-C 

s 

3t/4 

127.9 

136.7 

9.9% 

16.8% 

16.2 

S-6-C 

s 

3t/4 

127.2 

140.7 

10.2% 

18.9% 

16.4 

S-7-C 

s 

3t/4 

126.8 

140.3 

9.7% 

21.5% 

16.3 

S-8-C 

s 

3t/4 

128.6 

139.3 

9.8% 

15.2% 

16.3 

S-9-C 

s 

3t/4 

127.2 

140.8 

0 

11.2% 

16.5 

S-IO-C 

s 

3t/4 

129.9 

140.4 

9.7% 

15.0% 

16.4 

S-ll-C 

s 

3t/4 

129.1 

139.6 

9.5% 

16.7% 

16.3 

S-12-C 

s 

3t/4 

128.1 

141.1 

10.1% 

20.6% 

16.9 

S-13-C 

s 

3t/4 

128.7 

140.4 

10.9% 

13.4% 

16.8 

S-14-C 

s 

3t/4 

128.6 

137.7 

9.0% 

19.3% 

16.3 

S-15-C 

s 

3t/4 

129.5 

138.9 

7.6% 

14.6% 

16.5 

AMS-T-9046 

120 

130 

10 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 
( 4"-6 ") 

120 

130 

10%  [8%]b 

20% 

[15%]fa 

MMPDS  A-basis 

118 

130 

10 

16.0 

[a]  Specimen  failed  at  gage  punch  location. 

(b)  Values  in  brackets  []  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 


Table  3.  Preliminary  reasonable  lower  bound  tensile  properties  for  Ti-6A1-4V  billet 

(#75838). 


Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus 

(msi) 

118 

130 

6.7% 

10% 

16 
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Fatigue  (force-controlled)  -  The  results  of  force-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  8.  Individual  results  are  tabulated  in  Table  4.  In  Fig.  8,  the 
results  for  each  stress  ratio  (R)  have  been  fit  with  a  best-fit  power-law  curve  for  graphical 
purposes  only.  Also  included  in  this  figure  is  a  curve  based  on  an  equivalent  stress 
equation  from  MMPDS  Figure  5.4.1.1.8(a)  for  a  mean  stress  of  zero  (R  =  -1).  This  curve  is 
for  comparison  with  the  R  =  -1  data  generated  in  this  investigation.  As  stated  in  Fig.  4,  the 
fatigue  specimens  used  herein  were  manufactured  using  low-stress-grinding  operations  to 
a  surface  finish  (Ra)  of  8  per  ASTM  E466  Standard.  The  MMPDS  reference  data  curve  was 
generated  from  specimens  having  a  surface  roughness  of  32.  Furthermore,  it  is  not  known 
whether  low-stress  grinding  was  used  on  these  specimens.  These  aspects  could  quite 
easily  have  contributed  to  the  difference  between  the  data  sets. 


Figure  8.  Force-controlled  axial  fatigue  test  results. 
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Table  4.  Force-controlled  axial  fatigue  test  results. 


Thickness 

Location 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

75838-F-L-12-A 

t/4 

120 

0.05 

17,360 

L-9-A 

t/4 

120 

0.05 

19,278 

L-12-B 

t/2 

120 

0.05 

14,798 

L-13-C 

3t/4 

120 

0.05 

15,190 

L-ll-C 

3 1/4 

120 

0.05 

21,770 

L-15-A 

t/4 

100 

0.05 

334,340 

L-16-A 

t/4 

100 

0.05 

48,280 

L-13-A 

t/4 

100 

0.05 

304,010 

L-14-B 

t/2 

100 

0.05 

340,300 

L-10-B 

t/2 

100 

0.05 

80,236 

L-14-C 

3t/4 

100 

0.05 

310,817 

L-ll-A 

t/4 

80 

0.05 

777,980 

L-14-A 

t/4 

80 

0.05 

725,010 

L-16-B 

t/2 

80 

0.05 

572,558 

L-16-C 

3 1/4 

80 

0.05 

516,664 

L-9-C 

3t/4 

80 

0.05 

1,593,000 

L-IO-C 

3t/4 

80 

0.05 

685,215 

L-IO-A 

t/4 

70 

0.05 

1,029,437 

L-15-B 

t/2 

70 

0.05 

939,640 

L-ll-B 

t/2 

70 

0.05 

588,859 

L-15-C 

3t/4 

70 

0.05 

1,020,840 

L-12-C 

3t/4 

70 

0.05 

907,710 

75838-F-L-8-A 

t/4 

90 

-1 

18,498 

L-l-B 

t/2 

90 

-1 

8,223 

L-6-C 

3 1/4 

90 

-1 

13,625 

L-8-C 

3t/4 

90 

-1 

13,696 

L-l-A 

t/4 

80 

-1 

27,138 

L-3-A 

t/4 

80 

-1 

33,882 

L-3-B 

t/2 

80 

-1 

38,813 

L-2-C 

3t/4 

80 

-1 

34,762 

L-4-A 

t/4 

70 

-1 

58,442 

L-4-B 

t/2 

70 

-1 

273,475 

L-7-B 

t/2 

70 

-1 

73,600 

L-l-C 

3t/4 

70 

-1 

26,776 

L-6-A 

t/4 

60 

-1 

5,291,838 

L-5-B 

t/2 

60 

-1 

881,434 

L-4-C 

3 1/4 

60 

-1 

3,674,814 

L-7-C 

3 1/4 

60 

-1 

2,480,572 
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Fatigue  I strain-controlled 1  -  The  results  of  strain-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  9,  with  individual  results  tabulated  in  Table  5.  A  limited 
quantity  of  specimens  was  available  for  this  testing  from  this  billet,  therefore  only  a  strain- 
ratio  (Re)  of  -1  was  used. 


0.1 


CD 

CD 


0.01 


s _ 

CO 


0.001 


102 


1 03  1 04 
Fatigue  Life  (cycles) 


105 


Figure  9.  Strain-controlled  axial  fatigue  test  results. 


Table  5.  Strain-controlled  axial  fatigue  test  results. 


Thickness 

Location 

Strain  Range 
(in/in) 

Strain  Ratio, 

Re 

Cycles  to  Failure 

75838-F-L-2-A 

t/4 

0.0148 

-1 

2,113 

L-6-B 

t/2 

0.0148 

-1 

1,896 

L-8-B 

t/2 

0.0120 

-1 

8,466 

L-3-C 

3t/4 

0.0120 

-1 

9,695 

L-5-C 

3t/4 

0.0110 

-1 

11,696 

L-7-A 

t/4 

0.0110 

-1 

11,900 

L-5-A 

t/4 

0.0096 

-1 

23,880 

L-2-B 

t/2 

0.0096 

-1 

26,338 
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Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  test  result  summary  curves 
are  shown  in  Figures  10  and  11  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  Individual 
specimen  curves  are  located  in  Appendix  A  of  this  report.  For  both  stress  ratios,  the  S-L 
orientation  specimens  tended  to  have  faster  growth  rates  than  the  L-T  specimens.  Also 
included  on  these  summary  curves  are  best-fit  mean  curves  from  MMPDS-04  Figure 
5.4.1.1.9(al)  for  0.25  inch  thick  Ti-6A1-4V  plate  (L-T  orientation).  Comparing  the  data 
generated  from  billet  specimens  with  the  MMPDS  reference  data,  the  combined  orientation 
billet  data  generally  exhibits  slower  growth  rates  over  the  range  of  stress  intensities 
examined.  Fractographic  and  metallographic  examinations  of  the  failed  specimens  will  be 
performed  to  investigate  possible  reasons  for  this  difference  in  growth  rates.  For  example, 
larger  grain  (or  colony)  sizes  in  the  billet  material  could  lead  to  slower  growth  rates. 
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-5 
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o 

o 

”  10'6 


T3 
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Ti-6AI-4V  Billet  (75838) 
Fatigue  Crack  Growth  Rate  Testing 
R=0.1,  25  Hz 

•  75838-C-LT-3-A  (t/4) 

•  75838-C-LT-4-A  (t/4) 

►  75838-C-LT-5-A  (t/4) 

■  75838-C-LT-1-B  (t/2) 

•  75838-C-LT-4-B  (t/2) 

A  75838-C-LT-4-C  (3t/4) 

•  75838-C-LT-5-C  (3t/4) 

3  75838-C-SL-2-B  (t/2) 

•  75838-C-SL-3-B  (t/2) 

▼  75838-C-SL-7-B  (t/2) 

•  75838-C-SL-10-B  (t/2) 

+  75838-C-SL-11-B  (t/2) 

◄  75838-C-SL-12-B  (t/2) 

•  75838-C-SL-13-B  (t/2) 

A  75838-C-SL-16-B  (t/2) 

MMPDS-04 
Fig.  5.4.1. 1.9(a1) 


10 

AK  (KSlVin) 


100 


Figure  10.  Fatigue  crack  growth  rate  test  results  (R=0.1). 
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1  10  100 

AK  (KSh/in) 


Figure  11.  Fatigue  crack  growth  rate  test  results  (R=0.7). 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  are  shown  in  Table 
6.  Only  valid  Kic  values  (per  ASTM  E399)  are  shown.  Four  test  specimens  produced  invalid 
results,  having  failed  the  "Pmax/Pq  <  1.1"  validity  check,  and  have  not  been  included  in  the 
table.  For  this  investigation,  only  the  L-T  orientation  was  tested. 

From  this  data,  it  is  readily  apparent  that  the  t/2  thickness  location  produced  higher 
fracture  toughness  results  than  the  two  quarter  point  locations,  by  approximately  7  ksiVin 
on  average.  Considering  that  other  results  from  this  effort  did  not  show  the  same  type  of 
trend  with  respect  to  thickness  location,  the  reason  for  this  difference  is  currently 
unknown  and  will  be  investigated  and  reported  on  in  a  future  report  on  the  metallurgy  of 
this  billet. 

Also  shown  in  this  table  are  reference  values  from  MMPDS-04  and  the  Damage 
Tolerant  Design  Handbook  [2]  for  forged  bar  and  plate  product  forms,  respectively. 
Despite  the  variability  shown  in  the  test  data,  these  results  generally  correspond  with  those 
referenced  data  points,  especially  since  those  references  indicate  a  high  degree  of 
variability  as  well. 

As  there  is  no  accepted  standard  for  the  development  of  a  reasonable  lower  bound 
for  fracture  toughness  and  the  fact  that  the  material  specifications  do  not  specify  minimum 
properties  for  this  test,  the  lowest  value  of  the  data  set  was  selected  as  the  "preliminary 
reasonable  lower  bound"  fracture  toughness  on  this  billet. 
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Table  6.  Fracture  toughness  test  results. 


Thickness 

K,c 

Location 

(ksiVin) 

75838-K-LT-l-A 

t/4 

60.8 

LT-2-A 

t/4 

66.8 

LT-3-A 

t/4 

66.4 

LT-6-A 

t/4 

68.0 

LT-7-A 

t/4 

65.1 

LT-l-B 

t/2 

66.2 

LT-2-B 

t/2 

79.1 

LT-3-B 

t/2 

76.8 

LT-5-B 

t/2 

77.9 

LT-6-B 

t/2 

74.5 

LT-7-B 

t/2 

63.0 

LT-l-C 

3t/4 

64.1 

LT-2-C 

3t/4 

69.4 

LT-4-C 

3t/4 

68.1 

LT-5-C 

3t/4 

67.6 

LT-6-C 

LT-7-C 

3t/4 

3t/4 

64.5 

i>y.6  ^ — 

MMPDS-04 

Table  5. 1.2. 1.1 

60 

(Forged  Bar)  Avg. 

Damage  Tolerant 
Design  Handbook 

74.4 

Table  6.16.1.1 

(Plate)  Mean 

Preliminary  reasonable  lower 
bound 


Stress  Corrosion  Cracking  -  Axial,  smooth  bar  stress  corrosion  cracking  tests  were 
performed  on  29  test  specimens,  representing  all  three  thickness  locations  and  two 
orientations  (L  and  S).  As  stated  previously,  the  specimens  were  loaded  at  a  stress  of  90  ksi 
(75%  of  the  specification  yield  strength  of  120  ksi)  for  40  days  in  an  alternate  immersion 
3.5%  NaCl  solution.  No  failures  occurred  during  testing.  After  testing,  specimens  were 
rinsed  in  deionized  water  and  visually  inspected  for  evidence  of  corrosion  damage.  No 
evidence  of  pitting  or  other  corrosion-related  damage  was  indicated. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


As  this  report  dealt  with  mechanical  properties  from  only  one  Ti-6A1-4V  billet,  no 
specific  conclusions  or  recommendations  will  be  made,  other  than  comparisons  to  material 
specifications  or  available  reference  data.  With  the  exception  of  tensile  ductility 
(elongation  and  reduction  of  area)  results,  the  material  was  generally  equivalent  to  the 
reference  data  noted  throughout  the  report.  The  lower  ductility  results  should  not  be 
overlooked  however  when  evaluating  this  material  with  respect  to  properly  processed 
plate  or  bar. 
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Appendix  A 

Individual  fatigue  crack  growth  rate  curves  for  Ti-6A1-4V  billet  (75838). 
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CAUTION 

This  information  consists  of  PRELIMINARY  reasonable  lower  bound  properties  for  titanium  billet.  (Fully 
analyzed  data,  labeled  FINAL,  will  be  forthcoming.) 

This  information  should  be  used  only  to  evaluate  the  potential  impact  of  improperly  substituted  titanium. 

This  information  should  not  be  used  for  design  purposes  in  place  of  material  properties  from  specifications 
or  MMPDS  entries  covering  titanium  plate,  bar,  or  other  product  forms. 

This  information  should  not  be  used  to  analyze  components  manufactured  from  titanium  stock  that  is  known 
to  be  compliant  with  applicable  specifications. 

CAUTION 
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BACKGROUND 


An  ongoing  federal  investigation  has  identified  a  risk  associated  with  improperly 
processed  titanium  (Ti)  material  being  used  in  the  fabrication  of  critical  safety  items  and 
safety-of-flight  components  in  USAF,  DoD,  NASA,  FAA,  and  other  systems.  At  the  direction 
of  AFMC/CC,  a  Titanium  Task  Force  (led  by  AFMC/EN)  was  formed  to  further  define  risk  to 
USAF  systems  and  to  assist  with  mitigation  efforts.  The  suspect  Ti  material  (e.g.,  "billet,” 
"reforging  stock")  was  never  intended  to  be  machined  to  the  final  forms  in  which  it  is  now 
possibly  being  used.  This  R&D  testing  program  will  develop  new  baseline  (reasonable 
lower  bound)  properties  on  a  heretofore  not  fully  characterized  form  of  Ti.  The  decision  to 
refer  to  these  baseline  values  as  "reasonable  lower  bounds”  is  based  on  the  fact  that  an 
insufficient  quantity  of  material  heats  and  lots  were  represented  for  the  calculation  of 
traditional  MMPDS  m  A-  or  B-,  or  even  S-basis  allowables.  However,  the  number  of 
specimens  tested  (often  in  replicate)  is  significant.  Thus  "reasonable  lower  bound"  was 
chosen  as  the  proper  phrase  to  describe  properties  derived  from  the  testing  of  multiple 
specimens  from  the  two  heats  (per  alloy)  of  material  in  this  program.  While  these  do  not 
meet  the  requirements  for  standard  baseline  property  determination,  they  are, 
nevertheless,  significant. 

This  report  is  intended  to  summarize  the  mechanical  testing  of  one  Ti-6A1-4V  plate 
and  one  Ti-6Al-6V-2Sn  plate.  The  data  obtained  from  these  plates  will  be  used  as  "control" 
information  for  comparison  with  the  data  obtained  from  the  billet  material.  The  data 
contained  herein  is  not  intended  to  replace  currently  established  design  allowables. 


MATERIAL  DESCRIPTION 


Ti-6Al-4V  -  The  Ti-6A1-4V  plate  summarized  in  this  report  was  purchased  from 
Titanium  Industries,  Inc.  As  shown  in  Figure  1(a),  the  section  of  plate  received  had 
nominal  dimensions  of  14" (w)  x  12”(1)  x  4.25"(t)  and  had  been  produced  per  the  AMS-T- 
9046  specification.  The  plate’s  pedigree  traces  back  to  ingot  heat  J91K  produced  by  ATI 
Allvac.  The  plate  was  delivered  in  the  mill-annealed  heat  treat  condition. 

Ti-6Al-6V-2Sn  -  The  Ti-6Al-6V-2Sn  plate  summarized  in  this  report  had  originally 
been  purchased  for  a  similar  investigation  in  2005.  The  plate  was  obtained  from  RJ 
Enterprise,  Inc.  and  had  original  nominal  dimensions  of  12”(w)  x  12”(1)  x  4”(t)  and  had 
been  produced  per  the  AMS-T-9046  specification.  The  plate’s  pedigree  traces  back  to  ingot 
heat  855401-01  produced  by  RM1.  (Note:  Upon  receipt,  the  plate  had  been  given  an 
internal  designation  of  M1247,  and  specimens  from  this  plate  used  the  1247  for 
identification.)  The  plate  was  delivered  in  the  mill  annealed  heat  treat  condition. 

The  standard  designations  of  longitudinal  (L),  long  transverse  (T),  and  short 
transverse  (S)  coordinate  system  were  employed  in  the  investigation  of  these  plates. 
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Prior  to  test  specimen  extraction,  the  plates  were  subjected  to  non-destructive 
evaluation  (NDE)  using  ultrasonic  transmission  (UT).  No  relevant  indications  were  noted 
during  this  evaluation.  After  the  test  specimens  were  machined,  they  were  once  again 
examined  using  NDE  techniques.  All  specimens,  except  the  fracture  toughness,  were 
examined  using  x-ray  and  fluorescent  penetrant  inspection  (FPI).  Fracture  toughness 
specimens  had  UT  and  FPI  examinations.  Any  resultant  indications  were  noted  and 
photographed  for  use  in  analysis  of  anomalous  test  results. 
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(b) 

Figure  1.  (a)  Ti-6A1-4V  plate  (J91K)  and  (b)  Ti-6Al-6V-2Sn  plate  (1247)  indicating 
dimensions  and  orientations  prior  to  specimen  extraction. 


TEST  PLAN 


Test  Specimens  -  The  test  specimens  were  excised  approximately  from  the 
locations  shown  in  Figure  2(a)  for  the  Ti-6A1-4V  plate  and  Figure  2(b)  for  the  Ti-6A1-6V- 
2Sn  plate.  For  the  Ti-6Al-6V-2Sn  plate,  the  layout  shows  the  portion  of  plate  remaining 
after  the  2005  investigation.  Specimens  were  removed  from  three  planes  through  the 
thickness  where  possible:  the  two  quarter  points  (t/4  and  3t/4)  and  the  midplane  (t/2). 
Throughout  this  report,  specimen  location  within  the  thickness  is  designated  by  either  "A” 
(t/4),  "B"  (t/2),  or  "C"  (3t/4).  For  short-transverse  (S  or  S-L)  oriented  specimens,  the 
location  was  determined  by  either  the  center  of  the  gage  length  or  the  crack  plane. 
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Figure  2.  Specimen  location  layout  drawings  for  (a)  Ti-6A1-4V  and  (b)  Ti-6Al-6V-2Sn 

plates. 
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Test  specimens  were  machined  to  the  final  required  geometries  as  shown  in  Figures 
3  through  7.  All  of  the  geometries  were  in  accordance  with  the  applicable  test  method  (as 
described  in  the  next  section).  All  of  the  specimens  were  fabricated  using  the  same 
machine  shop  per  specimen  drawings  provided  by  AFRL/RXSCE,  in  order  to  minimize 
possibility  of  variability  due  to  specimen  machining.  Special  care  was  given  to  the 
traceability  of  the  specimen  back  to  a  general  location  within  the  billet.  Test  specimens 
were  given  a  unique  identification  that  would  allow  for  this  tracking. 

Due  to  an  error  during  the  machining  of  the  fatigue  specimens  from  the  Ti-6A1-4V 
plate  (J91K),  the  fatigue  specimen  geometry  had  to  be  modified  from  that  shown  in  Figure 
4.  The  resultant  test  section  diameter  was  0.200  inches  with  a  0.626  inch  diameter  grip 
section.  The  modified  specimen  geometry  was  still  in  compliance  with  ASTM  E466. 


all  dimensions  in  inches 


Figure  3.  Geometry  of  tensile  test  specimen. 

- 4.225 - 


0.625 


t-  0.250  d" 


All  dimensions  in  inches. 


Figure  4.  Geometry  of  fatigue  test  specimen.  (Note:  gage  section  was  low-stress  ground  to 
a  final  surface  finish  of  8  Ra  and  then  hand-polished  longitudinally  to  remove  all 

circumferential  scratches.) 
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1.875  - 

-  1.500 


All  dimensions  in  inches. 

Figure  5.  Geometry  of  fatigue  crack  growth  rate  C(T)  test  specimen. 


All  dimensions  in  inches 

Figure  6.  Geometry  of  fracture  toughness  C(T)  test  specimen. 
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3.275 


0.375-16  UNC-2 


all  dimensions  in  inches 


Figure  7.  Geometry  of  stress  corrosion  cracking  (SCC)  test  specimen. 


Test  Methods  -  The  test  methodologies  used  in  this  investigation  are  listed  in  Table 
1.  With  the  exception  of  stress  corrosion  cracking,  all  of  the  tests  were  performed  in 
accordance  with  applicable  ASTM  standards.  All  testing  was  performed  in  ambient 
laboratory  conditions  (approximately  72°F  and  50%  relative  humidity). 
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Table  1.  Test  Methodology 


Test 

ASTM  Method 

Tension  (Modulus) 

E  111-04  "Standard  Test  Method  for  Young’s  Modulus, 
Tangent  Modulus,  and  Chord  Modulus” 

Tension 

E  8/E  8M-08  "Standard  Test  Methods  for  Tension  Testing 
of  Metallic  Materials” 

Fatigue  (force-controlled) 

E  466-07  "Standard  Practice  for  Conducting  Force 
Controlled  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials" 

Fatigue  (strain-controlled) 

E606-04  "Standard  Practice  for  Strain-Controlled  Fatigue 
Testing” 

Fatigue  Crack  Growth  Rate 

E  647-08  "Standard  Test  Method  for  Measurement  of 
Fatigue  Crack  Growth  Rates" 

Fracture  Toughness 

E  399-08  "Standard  Test  Method  for  Linear-Elastic  Plane- 
Strain  Fracture  Toughness  Kic  of  Metallic  Materials" 

Stress  Corrosion  Cracking 

Similar  to  G  64-99  "Standard  Classification  of  Resistance 
to  Stress-Corrosion  Cracking  of  Heat-Treatable  Aluminum 
Alloys" 

Applied  stress  =  75%  of  specification  tensile  yield 
strength  /  40  days 

3.5%  NaCl  solution  -  alternate  immersion  (10  min  wet/50 
min  dry) 

Tension  ( Modulus 1  -  Prior  to  performing  full-range  tension  testing,  10%  of  the 
machined  tension  specimens  were  used  to  generate  modulus  data  using  the  procedures 
outlined  in  ASTM  Elll.  For  this  testing  the  specimens  were  loaded  to  a  maximum  stress 
below  the  proportional  limit,  so  as  to  remain  within  the  linear  region  of  the  stress-strain 
curve.  The  test  was  repeated  three  times  per  specimen,  with  the  specimen  being  rotated 
120°  between  test  runs.  Strain  was  measured  using  an  MTS  averaging  extensometer  (B-l 
classification)  with  a  one-inch  gage  length.  The  average  modulus  from  the  three  runs  was 
recorded  as  the  final  elastic  modulus. 

Tension  -  Tension  testing  was  performed  on  an  Instron  electro-mechanical  test 
machine  in  accordance  with  ASTM  E8.  Strain  was  measured  using  an  Instron  one-inch  gage 
length  extensometer.  The  extensometer  was  removed  from  the  specimen  prior  to  reaching 
ultimate  load  to  prevent  damage  to  the  instrument  during  specimen  breakage.  Elongation 
and  reduction  of  area  measurements  were  made  using  the  "fit-back”  method. 

Fatigue  ( Force-controlled 1  -  Axial  fatigue  testing  was  performed  under  force- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
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E466.  Stress  ratios  (R)  of  0.05  and  -1  were  used  in  this  investigation.  Replicate  specimens 
were  tested  at  four  applied  stress  levels  for  each  of  the  stress  ratios. 

Fatigue  [Strain-controlled!  -  Axial  fatigue  testing  was  performed  under  strain- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
E606.  An  MTS  one-inch  gage  length  extensometer  was  used  for  strain  measurement.  The 
testing  frequency  used  was  1  Hz.  Strain  ratios  (RE  =  Smin/Smax)  of  0.05  and  -1  were  used  for 
these  specimens. 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  testing  was  performed  on  an 
MTS  servo-hydraulic  test  machine  per  ASTM  E647  using  computer  data  acquisition  and 
control  systems  developed  in-house.  Crack  length  was  measured  via  compliance 
techniques  with  standard  crack-opening-displacement  (COD)  gages.  Testing  was 
performed  under  K-control  (C=-2)  until  a  near-threshold  growth  rate  was  obtained,  at 
which  point  the  test  was  then  run  under  constant  amplitude  (constant  load)  conditions  for 
the  remainder  of  the  test.  Initial  and  final  crack  lengths  were  measured  optically  for  use  in 
post-test  crack  correlation  calculations.  A  test  frequency  of  25  Hz  was  used  throughout  the 
test,  with  humidity  maintained  at  50%  ±10%  for  the  duration  of  the  test.  Specimens  were 
tested  using  stress  ratios  (R)  of  0.1  and  0.7.  Two  orientations  were  tested  for  this  program, 
L-T  and  S-L,  where  the  first  letter  indicates  the  loading  direction  and  the  second  letter 
indicates  the  direction  of  crack  propagation.  The  C(T)  specimen  geometry  was  utilized  for 
the  plate  material  due  to  thickness  limitations  which  would  prevent  the  ESE(T)  specimen 
from  being  used  in  the  S-L  orientation. 

Fracture  Toughness  -  Plane-strain  fracture  toughness  tests  were  performed  in 
accordance  with  ASTM  E399  on  a  Tinius-Olsen  electro-mechanical  test  machine.  Specimen 
precracking  was  performed  on  an  MTS  servo-hydraulic  test  machine.  Crack  length  was 
monitored  via  compliance  techniques  using  an  MTS  COD  gage  as  previously  described. 
Initial  and  final  crack  lengths  were  measured  optically  post-test. 

Stress  Corrosion  Cracking  -  The  theory  behind  this  testing  was  that  since  the  billet 
material  had  not  been  subject  to  final  hot  working,  the  microstructure  would  not  be  fully 
homogenized,  leading  to  the  potential  for  localized  aluminum  segregation.  If  this  were  to 
occur,  those  areas  would  be  more  susceptible  to  the  effect  of  stress  corrosion  cracking, 
particularly  at  these  applied  stress  levels. 

For  this  investigation,  stress  corrosion  cracking  tests  were  therefore  performed  in 
order  to  simply  give  pass/fail  results.  As  there  is  currently  no  ASTM  test  method  for  SCC  of 
titanium  alloys,  the  procedure  outlined  in  ASTM  G64  ("A”  level)  was  used.  This  procedure 
has  been  adopted  for  use  within  AFRL/RXSCE  as  a  standard  SCC  test.  Specimens  were 
axially  loaded  (statically)  in  an  alternate  immersion,  3.5%  NaCl  solution  such  that  the 
specimens  were  submerged  in  the  solution  for  10  minutes  and  then  allowed  to  dry  for  the 
next  50  minutes  each  hour.  The  specimens  were  loaded  at  75%  of  the  specification  yield 
strength  (for  plate  and  bar).  For  the  Ti-6A1-4V  plate,  the  applied  stress  was  90  ksi  whereas 
for  the  Ti-6Al-6V-2Sn  plate,  the  applied  stress  was  101.3  ksi.  The  test  duration  was  set  at 
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40  days.  To  pass  the  test,  no  failure  of  the  specimen  could  occur  during  the  40  loading 
cycle. 


FACTUAL  DATA 


Ti-6Al-4V  Plate 


Tension  -  The  results  of  tensile  testing  are  shown  in  Tables  2(a)  through  2(d). 
Strength  levels  for  all  L-orientation  specimens  were  above  the  specification  minimum 
values  shown  in  AMS-T-9046  (plate)  for  this  alloy.  S-orientation  specimens  exhibited 
lower  ductility  and  slightly  lower  elastic  modulus  than  specimens  from  the  L-orientation. 
Elastic  modulus  values  were  all  within  the  range  expected  for  this  alloy.  There  was  a  less 
than  5%  difference  between  those  modulus  results  from  ASTM  Elll  tests  and  those 
obtained  from  the  E8  tensile  test  record.  In  addition,  there  did  not  appear  to  be  a 
difference  between  specimens  excised  from  the  three  different  thickness  locations. 

As  this  piece  of  material  was  properly  processed  plate,  it  would  not  be  appropriate 
to  combine  the  two  orientations  into  one  population.  Also,  since  there  are  specification 
minimum  values  and  MMPDS  A-basis  allowables  for  this  alloy,  reasonable  lower  bound 
properties  will  not  be  calculated  from  the  obtained  data  set.  The  data  will  be  used  to  show 
compliance  with  the  specification  and  will  be  used  in  further  analyses  for  comparison  with 
billet  material. 

It  should  be  noted  that  the  AMS-T-9046  specification  does  not  list  minimum 
properties  for  the  short-transverse  orientation,  therefore  the  values  shown  at  the  bottom 
of  Table  2(d)  are  for  comparison  only. 
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Table  2.  Ti-6A1-4V  plate  tensile  test  results. 

(a)  Longitudinal  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

J91K-T-L-1-A 

L 

t/4 

132.4 

139.5 

15.5% 

21.2% 

17.60 

17.63 

L-2-A 

L 

t/4 

132.9 

139.9 

16.4% 

28.1% 

17.80 

L-3-A 

L 

t/4 

132.1 

139.0 

15.3% 

19.5% 

17.20 

L-4-A 

L 

t/4 

133.1 

140.2 

15.6% 

25.8% 

16.80 

L-5-A 

L 

t/4 

132.4 

138.7 

15.4% 

26.0% 

17.10 

L-6-A 

L 

t/4 

132.4 

139.1 

13.4% 

18.4% 

17.10 

L-7-A 

L 

t/4 

133.1 

140.2 

16.4% 

24.1% 

17.10 

L-8-A 

L 

t/4 

131.8 

139.0 

15.8% 

25.2% 

17.30 

L-9-A 

L 

t/4 

132.8 

139.5 

14.8% 

22.2% 

17.00 

L-10-A 

L 

t/4 

133.3 

140.9 

16.0% 

26.0% 

17.92 

AMS-T-9046  (L) 

120 

130 

10% 

MMPDS  A-basis 
(L) 

(b)  L 

ongitudin 

118 

al  orient; 

130 

ition,  t/2 

10% 

thickness 

location 

16.0 

Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

J91K-T-L-1-B 

L 

t/2 

133.0 

142.1 

17.4% 

21.4% 

18.15 

17.50 

L-2-B 

L 

t/2 

132.7 

141.0 

14.3% 

21.9% 

18.40 

L-3-B 

L 

t/2 

132.7 

141.4 

13.9% 

19.3% 

17.80 

L-4-B 

L 

t/2 

132.3 

140.8 

13.4% 

23.8% 

17.60 

L-5-B 

L 

t/2 

132.1 

140.4 

15.2% 

21.3% 

17.10 

L-6-B 

L 

t/2 

130.9 

138.6 

13.7% 

19.7% 

17.30 

L-7-B 

L 

t/2 

131.4 

139.2 

15.5% 

24.8% 

18.20 

L-8-B 

L 

t/2 

131.3 

139.1 

15.6% 

20.4% 

17.40 

L-9-B 

L 

t/2 

130.8 

138.7 

13.4% 

24.7% 

16.70 

L-IO-B 

L 

t/2 

131.6 

139.2 

13.4% 

22.7% 

17.80 

AMS-T-9046  (L) 

120 

130 

10% 

MMPDS  A-basis 
(L) 

118 

130 

10% 

16.0 
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(c)  Lo 

Orientation 

ngitudina 

Thickness 

Location 

1  orienta 

Yield 

Strength 

(ksi) 

:ion,  3t/ z 

Ultimate 

Tensile 

Strength 

(ksi) 

■  thicknes 

% 

Elongation 

s  locatior 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

J91K-T-L-1-C 

L 

3t/4 

133.0 

140.2 

14.5% 

26.7% 

17.96 

17.20 

L-2-C 

L 

3t/4 

133.0 

140.4 

16.7% 

24.9% 

18.00 

L-3-C 

L 

3t/4 

133.3 

141.1 

15.0% 

23.4% 

17.30 

L-4-C 

L 

3t/4 

132.1 

139.2 

14.9% 

26.3% 

17.20 

L-5-C 

L 

3t/4 

131.9 

138.6 

16.3% 

24.4% 

17.20 

L-6-C 

L 

3t/4 

132.4 

139.4 

15.4% 

26.2% 

17.10 

L-7-C 

L 

3t/4 

132.2 

139.3 

15.4% 

22.0% 

17.30 

L-8-C 

L 

3t/4 

132.3 

139.1 

15.0% 

23.2% 

17.50 

L-9-C 

L 

3t/4 

132.0 

139.2 

18.9% 

23.0% 

17.70 

L-10-C 

L 

3t/4 

133.0 

140.2 

16.5% 

22.9% 

17.10 

AMS-T-9046  (L) 

120 

130 

10% 

MMPDS  A-basis 
(L) 

118 

130 

10% 

16.0 

(d)  Short-transverse  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

J91K-T-S-1-A 

S 

t/2 

127.3 

142.3 

11.7% 

15.8% 

16.27 

15.47 

S-2-A 

S 

t/2 

127.4 

142.4 

10.5% 

14.3% 

15.90 

S-3-A 

s 

t/2 

127.1 

142.4 

9.5% 

15.1% 

16.10 

S-4-A 

s 

t/2 

127.6 

142.2 

10.4% 

14.1% 

15.10 

S-5-A 

s 

t/2 

127.0 

142.5 

10.9% 

15.5% 

15.90 

S-6-A 

s 

t/2 

127.1 

141.8 

10.4% 

16.9% 

16.60 

S-7-A 

s 

t/2 

127.5 

142.0 

10.7% 

14.8% 

15.40 

S-8-A 

s 

t/2 

127.4 

141.7 

10.2% 

14.6% 

16.00 

S-9-A 

s 

t/2 

127.5 

142.4 

9.9% 

12.3% 

15.50 

S-10-A 

s 

t/2 

127.2 

142.0 

9.3% 

16.7% 

16.50 

AMS-T-9046  (L) 

120 

130 

10% 

MMPDS  A-basis 
(L) 

118 

130 

10% 

16.0 
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Fatigue  f force-controlled 1  -  The  results  of  force-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  8.  Individual  results  are  tabulated  in  Table  3.  In  Figure  8,  the 
results  for  each  stress  ratio  (R)  have  been  fit  with  a  best-fit  power-law  curve  for  graphical 
purposes  only.  Also  included  in  this  figure  is  a  curve  based  on  an  equivalent  stress 
equation  from  MMPDS  Figure  5.4.1.1.8(a)  for  a  mean  stress  of  zero  (R  =  -1).  This  curve  is 
for  comparison  with  the  R  =  -1  data  generated  in  this  investigation.  As  stated  in  Figure  4, 
the  fatigue  specimens  used  herein  were  manufactured  using  low-stress  grinding  operations 
to  a  surface  finish  (Ra)  of  8  per  the  ASTM  E466  standard.  The  MMPDS  reference  data  curve 
was  generated  from  Ti-6A1-4V  bar  material  using  specimens  having  a  surface  roughness  of 
32.  Although  the  specimens  used  in  this  effort  had  a  smoother  surface  finish  that  those 
used  in  the  reference  data,  and  a  longer  life  would  typically  be  expected,  it  is  not  known 
whether  low-stress  grinding  was  used  on  those  specimens.  This  aspect,  along  with 
inherent  processing  differences  between  plate  and  bar  materials,  could  potentially  have 
contributed  to  the  difference  between  the  data  sets. 


Figure  8.  Ti-6A1-4V  plate  force-controlled  axial  fatigue  test  results. 
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Table  3.  Ti-6A1-4V  plate  force-controlled  axial  fatigue  test  results. 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

J91K-F-L-11-A 

t/4 

L 

120 

0.05 

45,230 

L-12-B 

t/2 

L 

120 

0.05 

32,410 

L-10-C 

3t/4 

L 

120 

0.05 

37,600 

L-10-A 

t/4 

L 

100 

0.05 

66,290 

L-10-B 

t/2 

L 

100 

0.05 

208,140 

L-12-C 

3t/4 

L 

100 

0.05 

148,690 

L-12-A 

t/4 

L 

80 

0.05 

432,620 

L-ll-B 

t/2 

L 

80 

0.05 

454,400 

L-ll-C 

3t/4 

L 

80 

0.05 

539,120 

J91K-F-S-34-B 

t/2 

S 

120 

0.05 

26,410 

S-35-B 

t/2 

S 

120 

0.05 

37,070 

S-36-B 

t/2 

S 

120 

0.05 

37,600 

S-32-B 

t/2 

S 

100 

0.05 

188,080 

S-30-B 

t/2 

S 

100 

0.05 

212,980 

S-29-B 

t/2 

S 

100 

0.05 

180,730 

S-31-B 

t/2 

S 

80 

0.05 

502,570 

S-33-B 

t/2 

S 

80 

0.05 

511,950 

S-28-B 

t/2 

S 

80 

0.05 

533,570 

J91K-F-L-2-A 

t/4 

L 

90 

-1 

21,048 

L-8-B 

t/2 

L 

90 

-1 

16,229 

L-5-C 

3t/4 

L 

90 

-1 

17,672 

L-5-A 

t/4 

L 

70 

-1 

43,354 

L-8-C 

3t/4 

L 

70 

-1 

52,337 

L-8-A 

t/4 

L 

60 

-1 

1,564,688 

L-5-B 

t/2 

L 

60 

-1 

246344 

L-2-C 

3t/4 

L 

60 

-1 

134,143 

J91K-F-S-2-B 

t/2 

S 

90 

-1 

10,337 

S-17-B 

t/2 

S 

90 

-1 

11,414 

S-23-B 

t/2 

S 

90 

-1 

14,594 

S-5-B 

t/2 

S 

70 

-1 

69,413 

S-ll-B 

t/2 

S 

70 

-1 

37,026 

S-26-B 

t/2 

S 

70 

-1 

38,472 

S-8-B 

t/2 

S 

60 

-1 

719,475 

S-14-B 

t/2 

S 

60 

-1 

63,015 

S-20-B 

t/2 

S 

60 

-1 

234,617 
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Strain  range  (in/in) 


Fatigue  ( strain-controlled 1  -  The  results  of  strain-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  9,  with  individual  results  tabulated  in  Table  4. 


Figure  9.  Ti-6A1-4V  plate  strain-controlled  axial  fatigue  test  results. 


86 

Approved  for  public  release;  distribution  unlimited. 


Table  4.  Ti-6A1-4V  plate  strain-controlled  axial  fatigue  test  results. 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Rs 

Cycles  to  Failure 

J91K-F-L-1-B 

t/2 

L 

0.0148 

-1 

2,172 

F-L-3-C 

3t/4 

L 

0.0148 

-1 

1,709 

F-L-4-A 

t/4 

L 

0.0148 

-1 

1,964 

F-L-3-A 

t/4 

L 

0.0120 

-1 

4,507 

F-L-3-B 

t/2 

L 

0.0120 

-1 

6,346 

F-L-9-C 

3 1/4 

L 

0.0120 

-1 

2,404 

F-L-6-C 

3 1/4 

L 

0.0096 

-1 

8,614 

F-L-9-A 

t/4 

L 

0.0096 

-1 

15,870 

F-L-9-B 

t/2 

L 

0.0096 

-1 

13,603 

J91K-F-S-3-B 

t/2 

S 

0.0148 

-1 

1,373 

F-S-12-B 

t/2 

S 

0.0148 

-1 

1,858 

F-S-24-B 

t/2 

S 

0.0148 

-1 

1,277 

F-S-6-B 

t/2 

S 

0.0120 

-1 

7,041 

F-S-18-B 

t/2 

S 

0.0120 

-1 

8,563 

F-S-27-B 

t/2 

S 

0.0120 

-1 

6,471 

F-S-9-B 

t/2 

S 

0.0096 

-1 

24,091 

F-S-15-B 

t/2 

S 

0.0096 

-1 

12,041 

F-S-21-B 

t/2 

S 

0.0096 

-1 

18,558 

F-S-3-B 

t/2 

S 

0.0148 

-1 

1,373 

J91K-F-L-1-C 

3 1/4 

L 

0.0147 

0.05 

1,729 

F-L-6-A 

t/4 

L 

0.0147 

0.05 

1,077 

F-L-7-B 

t/2 

L 

0.0147 

0.05 

1,662 

F-L-4-C 

3 1/4 

L 

0.0119 

0.05 

3,782 

F-L-6-B 

t/2 

L 

0.0119 

0.05 

3,934 

F-L-7-A 

t/4 

L 

0.0119 

0.05 

4,182 

F-L-l-A 

t/4 

L 

0.0095 

0.05 

10,440 

F-L-4-B 

t/2 

L 

0.0095 

0.05 

11,023 

F-L-7-C 

3 1/4 

L 

0.0095 

0.05 

6,161 

J91K-F-S-1-B 

t/2 

S 

0.0147 

0.05 

1,102 

F-S-13-B 

t/2 

S 

0.0147 

0.05 

1,387 

F-S-22-B 

t/2 

S 

0.0147 

0.05 

1,179 

F-S-7-B 

t/2 

S 

0.0119 

0.05 

3,954 

F-S-10-B 

t/2 

S 

0.0119 

0.05 

5,342 

F-S-19-B 

t/2 

S 

0.0119 

0.05 

4,550 

F-S-4-B 

t/2 

S 

0.0095 

0.05 

14,348 

F-S-16-B 

t/2 

S 

0.0095 

0.05 

14,911 

F-S-25-B 

t/2 

S 

0.0095 

0.05 

14,380 
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Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  test  result  summary  curves 
are  shown  in  Figures  10  and  11  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  Individual 
specimen  curves  are  located  in  Appendix  A  of  this  report.  For  both  stress  ratios,  the  S-L 
orientation  specimens  tended  to  have  faster  growth  rates  than  the  L-T  specimens.  Also 
included  on  these  summary  curves  are  best-fit  mean  curves  from  MMPDS-04  Figure 
5.4.1.1.9(al)  for  0.25  inch  thick  Ti-6A1-4V  plate  (L-T  orientation).  Comparing  the  data 
generated  from  plate  specimens  with  the  MMPDS  reference  data,  the  combined  orientation 
plate  data  generally  exhibits  slower  growth  rates  over  the  range  of  stress  intensities 
examined.  Fractographic  and  metallographic  examinations  of  the  failed  specimens  will  be 
performed  to  investigate  possible  reasons  for  this  difference  in  growth  rates. 


10'4 


10'5 


10'6 


10'7 


10’8 


. 

Ti-6AI-4V  Plate  (J91K) 

Fatigue  Crack  Growth  Rate  Testing 
R=0.1,  25  Hz 

•  J91K-C-LT-1-A  (t/4) 

A  J91K-C-LT-3-A  (t/4) 

•  J91K-C-LT-3-B  (t/2) 

▲  J91K-C-LT-1-B  (t/2) 

•  J91K-C-LT-1-C  (3t/4) 

• 

;• 

-  •  J91K-C-SL-5-B  (t/2) 

-  ▲  J91K-C-SL-3-B  (t/2) 

♦  J91K-C-SL-1-B  (t/2) 

s  —  MMPDS  Fig.  5.4.1 .1 ,9(a1) 

/*• 

4 

l 

/ 

A 

♦ 

A 

▲ 

9 

A 

▲ 

1 


10  100 

AK  (KSh/in) 


Figure  10.  Ti-6A1-4V  plate  fatigue  crack  growth  rate  test  results  (R=0.1). 
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Figure  11.  Ti-6A1-4V  plate  fatigue  crack  growth  rate  test  results  (R=0.7). 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  are  shown  in  Table 
6.  For  this  investigation,  only  the  L-T  orientation  was  tested. 

Also  shown  in  this  table  are  reference  values  from  MMPDS-04  and  the  Damage 
Tolerant  Design  Handbook  [2]  for  forged  bar  and  plate  product  forms,  respectively.  The 
test  results  generally  correspond  with  those  referenced  data  points  considering  those 
references  indicate  a  high  degree  of  variability. 


Table  6.  Ti-6A1-4V  plate  fracture  toughness  test  results. 


Thickness 

K,c 

Location 

(ksiVin) 

J91K-K-LT-1-A 

t/4 

67.1 

LT-2-A 

t/4 

66.1 

LT-l-C 

3 1/4 

64.6 

LT-2-C 

3t/4 

64.6 

MMPDS-04 

Table  5. 1.2. 1.1 

60 

(Forged  Bar)  Avg. 

Damage  Tolerant 
Design  Handbook 

74.4 

Table  6.16.1.1 

(Plate)  Mean 

Stress  Corrosion  Cracking  -  Axial,  smooth  bar  stress  corrosion  cracking  tests  were 
performed  on  4  test  specimens,  representing  two  orientations  (L  and  S).  As  stated 
previously,  the  specimens  were  loaded  at  a  stress  of  90  ksi  (75%  of  the  specification  yield 
strength  of  120  ksi)  for  40  days  in  an  alternate  immersion  3.5%  NaCl  solution.  No  failures 
occurred  during  testing.  After  testing,  specimens  were  rinsed  in  deionized  water  and 
visually  inspected  for  evidence  of  corrosion  damage.  No  evidence  of  pitting  or  other 
corrosion-related  damage  was  indicated. 
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Ti-6Al-6V-2Sn  Plate 


Tension  -  The  results  of  tensile  testing  are  shown  in  Tables  7(a)  through  7(d).  Also 
included  in  these  tables  are  results  from  a  2005  test  program  that  involved  this  particular 
section  of  plate.  Yield  strength  and  ductility  levels  for  all  L-orientation  specimens  were 
above  the  specification  minimum  values  shown  in  AMS-T-9046  (plate)  for  this  alloy.  It 
should  be  pointed  out  that  there  were  specimens  from  this  section  of  plate  that  did  not 
meet  specification  minimum  properties  for  ultimate  tensile  strength.  Those  values  are 
highlighted  in  red  in  the  tables.  S-orientation  specimens  exhibited  lower  ductility  and 
slightly  lower  elastic  modulus  than  specimens  from  the  L-orientation.  Average  elastic 
modulus  values  were  within  the  range  expected  for  this  alloy.  The  maximum  difference 
between  those  modulus  results  from  ASTM  Elll  tests  and  those  obtained  from  the  E8 
tensile  test  record  was  approximately  6.1%.  In  addition,  there  did  not  appear  to  be  a 
difference  between  specimens  excised  from  the  three  different  thickness  locations. 

As  this  piece  of  material  was  properly  processed  plate,  it  would  not  be  appropriate 
to  combine  the  two  orientations  into  one  population.  Also,  since  the  alloy  has  specification 
minimum  values,  reasonable  lower  bound  properties  will  not  be  calculated  from  the 
obtained  data  set.  The  data  will  be  used  to  show  compliance  with  the  specification  and  will 
be  used  in  further  analyses  for  comparison  with  billet  material. 

It  should  be  noted  that  the  AMS-T-9046  specification  does  not  list  minimum 
properties  for  the  short-transverse  orientation,  therefore  the  values  shown  at  the  bottom 
of  Table  7(d)  are  for  comparison  only. 

Table  7.  Ti-6Al-6V-2Sn  plate  tensile  test  results. 

(a)  Longitudinal  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 
of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

1247-T-L-l-A 

L 

t/4 

140.6 

147.5 

16.1% 

28.7% 

16.80 

16.60 

L-2-A 

L 

t/4 

139.8 

146.3 

14.7% 

23.7% 

16.60 

L-3-A 

L 

t/4 

140.4 

147.5 

19.7% 

27.8% 

16.72 

L-4-A 

L 

t/4 

141.1 

148.3 

15.8% 

27.4% 

16.67 

L-5-A 

L 

t/4 

139.6 

145.9 

15.8% 

30.1% 

16.07 

L-6-A 

L 

t/4 

140.5 

147.4 

16.4% 

26.5% 

16.02 

L-7-A 

L 

t/4 

140.0 

146.9 

17.2% 

22.6% 

16.76 

AMS-T-9046  (L) 
(2" -4"  plate) 

135 

145 

8% 

16.03 

(a):  Typical  value  per  MMPDS-04 
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(b)  Longitudinal  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

1247-T-L-l-B 

L 

t/2 

141.3 

149.5 

15.4% 

24.5% 

17.14 

16.10 

L-2-B 

L 

t/2 

140.6 

148.2 

15.5% 

23.8% 

16.49 

L-3-B 

L 

t/2 

140.3 

148.2 

15.7% 

24.5% 

15.50 

L-4-B 

L 

t/2 

140.5 

148.1 

16.4% 

24.8% 

15.40 

L-5-B 

L 

t/2 

139.9 

147.6 

17.2% 

20.4% 

16.40 

L-6-B 

L 

t/2 

140.1 

148.1 

16.7% 

21.6% 

16.90 

L-7-B 

L 

t/2 

139.5 

146.8 

15.8% 

24.4% 

16.90 

1247TL1 

L 

t/2 

138.8 

144.9 

17.8% 

16.81 

TL2 

L 

t/2 

138.9 

144.2 

14.0% 

16.75 

TL3 

L 

t/2 

140.5 

146.7 

15.2% 

16.34 

TL4 

L 

t/2 

139.9 

145.3 

14.0% 

16.08 

TL5 

L 

t/2 

140.5 

147.1 

15.3% 

17.01 

AMS-T-9046  (L) 
(2" -4"  plate) 

135 

145 

8% 

16.03 

(a):  Typical  value  per  MMPDS-04 


(c)  Longitudinal  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

1247-T-L-l-C 

L 

3t/4 

139.7 

144.8 

15.3% 

27.9% 

16.49 

15.60 

L-2-C 

L 

3t/4 

138.6 

144.1 

14.5% 

27.7% 

16.50 

L-3-C 

L 

3t/4 

139.5 

145.1 

17.5% 

29.1% 

16.80 

L-4-C 

L 

3t/4 

139.1 

144.3 

15.2% 

29.4% 

15.30 

L-5-C 

L 

3t/4 

139.9 

145.2 

16.3% 

29.5% 

15.90 

L-6-C 

L 

3t/4 

139.3 

144.9 

15.1% 

25.6% 

15.70 

L-7-C 

L 

3t/4 

139.2 

144.6 

17.2% 

28.6% 

16.40 

AMS-T-9046  (L) 
(2"-4"  plate) 

135 

145 

8% 

16.03 

(a):  Typical  value  per  MMPDS-04 
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(d)  Short-transverse  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

1247-T-S-l-A 

S 

t/2 

140.0 

150.3 

12.0% 

20.6% 

15.8 

15.70 

S-2-A 

S 

t/2 

140.3 

150.7 

11.9% 

17.2% 

14.99 

S-3-A 

s 

t/2 

140.6 

151.3 

12.5% 

21.7% 

15.70 

S-4-A 

s 

t/2 

138.9 

148.9 

12.3% 

21.4% 

16.50 

S-5-A 

s 

t/2 

139.2 

148.8 

9.4% 

17.1% 

15.46 

S-6-A 

s 

t/2 

139.3 

149.7 

11.3% 

16.9% 

16.00 

S-7-A 

s 

t/2 

139.1 

148.8 

9.6% 

16.1% 

14.80 

S-8-A 

s 

t/2 

139.8 

149.3 

11.8% 

19.2% 

16.80 

S-9-A 

s 

t/2 

139.8 

149.4 

10.8% 

19.7% 

15.30 

1247TS1 

s 

t/2 

139.4 

147.5 

10.7% 

15.80 

TS2 

s 

t/2 

137.5 

147.5 

10.1% 

18.95 

TS3 

s 

t/2 

139.2 

147.4 

11.7% 

15.93 

TS4 

s 

t/2 

138.6 

146.4 

11.3% 

15.80 

TS5 

s 

t/2 

138.6 

147.2 

9.8% 

17.09 

TS6 

s 

t/2 

140.1 

148.1 

9.2% 

15.59 

TS7 

s 

t/2 

139.8 

147.9 

9.0% 

16.00 

TS8 

s 

t/2 

140.0 

148.1 

9.8% 

15.84 

TS9 

s 

t/2 

140.8 

148.7 

9.1% 

15.75 

AMS-T-9046  (L) 
(2"-4"  plate) 

135 

145 

8% 

16.03 

(a):  Typical  value  per  MMPDS-04 
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Fatigue  f force-controlled 1  -  The  results  of  force-controlled  axial  fatigue  testing  are  shown 
graphically  in  Figure  12.  Individual  results  are  tabulated  in  Table  8.  In  Figure  8,  the  results 
for  each  stress  ratio  (R)  have  been  fit  with  a  best-fit  power-law  curve  for  graphical 
purposes  only.  Also  included  in  this  figure  is  a  curve  based  on  an  equivalent  stress 
equation  from  MMPDS  Figure  5.4.2.1.8(a).  As  stated  in  Figure  4,  the  fatigue  specimens  used 
herein  were  manufactured  using  low-stress  grinding  operations  to  a  surface  finish  (Ra)  of  8 
per  the  ASTM  E466  standard.  The  MMPDS  reference  data  curve  was  generated  from 
specimens  having  a  surface  roughness  of  32.  Furthermore,  it  is  not  known  whether  low- 
stress  grinding  was  used  on  these  specimens.  Also,  the  reference  data  that  produced  the 
equivalent  stress  equation  in  MMPDS  was  generated  using  1.5  inch  thick  plate,  which  has 
higher  specification  minimum  tensile  values  of  150  ksi  (ultimate  tensile  strength)  and  140 
ksi  (tensile  yield  strength).  These  aspects  could  have  contributed  to  the  difference 
between  the  data  sets. 


Figure  12.  Ti-6Al-6V-2Sn  plate  force-controlled  axial  fatigue  test  results. 
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Table  8.  Ti-6Al-6V-2Sn  plate  force-controlled  axial  fatigue  test  results. 


Thickness 

Location 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

1247-F-L-10-A 

t/4 

130 

0.05 

108,890 

L-12-B 

t/2 

130 

0.05 

69,910 

L-12-C 

3t/4 

130 

0.05 

90,400 

L-ll-A 

t/4 

105 

0.05 

270,390 

L-10-B 

t/2 

105 

0.05 

370,510 

L-10-C 

3t/4 

105 

0.05 

352,810 

L-12-A 

t/4 

85 

0.05 

1,191,750 

L-ll-B 

t/2 

85 

0.05 

761,770 

L-ll-C 

3t/4 

85 

0.05 

2,318,800 

1247-F-L-8-A 

t/4 

100 

-1 

19,202 

L-3-B 

t/2 

100 

-1 

21,057 

L-4-C 

3t/4 

100 

-1 

19,681 

L-5-A 

t/4 

80 

-1 

43,572 

L-6-B 

t/2 

80 

-1 

191,278 

L-l-C 

3t/4 

80 

-1 

626,054 

L-2-A 

t/4 

65 

-1 

3,098,503 

L-9-B 

t/2 

65 

-1 

5,009,816 

L-7-C 

3t/4 

65 

-1 

>6,000,000* 

*:  indicates  run-out 


Fatigue  ( strain-controlled 1  -  The  results  of  strain-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  13,  with  individual  results  tabulated  in  Table  9.  Due  to 
material  limitations,  only  longitudinal  specimens  were  tested. 
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Strain  range  (in/in) 


Fatigue  Life  (cycles) 

Figure  13.  Ti-6Al-6V-2Sn  plate  strain-controlled  axial  fatigue  test  results. 


Table  9.  Ti-6Al-6V-2Sn  plate  strain-controlled  axial  fatigue  test  results. 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Rs 

Cycles  to  Failure 

1247-F-L-2-B 

t/2 

L 

0.0175 

-1 

1,684 

F-L-4-A 

t/4 

L 

0.0175 

-1 

2,009 

F-L-9-C 

3t/4 

L 

0.0175 

-1 

1,990 

F-L-3-C 

3t/4 

L 

0.0148 

-1 

3,910 

F-L-7-A 

t/4 

L 

0.0148 

-1 

3,462 

F-L-8-B 

t/2 

L 

0.0148 

-1 

3,682 

F-L-l-A 

t/4 

L 

0.0110 

-1 

13,727 

F-L-5-B 

t/2 

L 

0.0110 

-1 

20,417 

F-L-6-C 

3t/4 

L 

0.0110 

-1 

14,511 

1247-F-L-4-B 

t/2 

L 

0.0150 

0.05 

3,172 

F-L-6-A 

t/4 

L 

0.0150 

0.05 

2,716 

F-L-l-B 

t/2 

L 

0.0119 

0.05 

6,489 

F-L-8-C 

3 1/4 

L 

0.0119 

0.05 

7,526 

F-L-9-A 

t/4 

L 

0.0119 

0.05 

7,972 

F-L-3-A 

t/4 

L 

0.0096 

0.05 

9,576 

F-L-2-C 

3t/4 

L 

0.0083 

0.05 

25,157 

F-L-7-B 

t/2 

L 

0.0083 

0.05 

27,499 

F-L-5-C 

3 1/4 

L 

0.0070 

0.05 

100,000 
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Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  test  result  summary  curves 
are  shown  in  Figures  14  and  15  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  Individual 
specimen  curves  are  located  in  Appendix  B  of  this  report.  For  both  stress  ratios,  the  S-L 
orientation  specimens  tended  to  have  faster  growth  rates  than  the  L-T  specimens. 
Fractographic  and  metallographic  examinations  of  the  failed  specimens  will  be  performed 
to  investigate  possible  reasons  for  this  difference  in  growth  rates. 
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Figure  14.  Ti-6Al-6V-2Sn  plate  fatigue  crack  growth  rate  test  results  (R=0.1). 
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Figure  15.  Ti-6Al-6V-2Sn  plate  fatigue  crack  growth  rate  test  results  (R=0.7). 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  are  shown  in  Table 
10.  For  this  investigation,  only  the  L-T  orientation  was  tested.  Due  to  material  limitations, 
only  two  specimens  were  tested.  Of  these  two,  one  specimen  had  an  invalid  result,  having 
failed  the  "Pmax/Pq  <  1.1"  validity  check,  and  has  been  included  in  the  table  as  a  Kq  value  for 
reference  purposes  only. 


Table  10.  Ti-6Al-6V-2Sn  plate  fracture  toughness  test  results. 


Thickness 

K,c 

Location 

(ksiVin) 

1247-K-LT-l-A 

t/4 

55.7 

LT-l-C 

3t/4 

53.9* 

*:  Kq  value. 


Stress  Corrosion  Cracking  -  Axial,  smooth  bar  stress  corrosion  cracking  tests  were 
performed  on  6  test  specimens,  representing  two  orientations  (L  and  S).  As  stated 
previously,  the  specimens  were  loaded  at  a  stress  of  101.3  ksi  (75%  of  the  specification 
yield  strength  of  135  ksi)  for  40  days  in  an  alternate  immersion  3.5%  NaCl  solution.  No 
failures  occurred  during  testing.  After  testing,  specimens  were  rinsed  in  deionized  water 
and  visually  inspected  for  evidence  of  corrosion  damage.  No  evidence  of  pitting  or  other 
corrosion-related  damage  was  indicated. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


As  this  report  dealt  with  mechanical  properties  from  only  one  lot  each  of  Ti-6A1-4V 
plate  and  Ti-6Al-6V-2Sn  plate,  no  specific  conclusions  or  recommendations  will  be  made, 
other  than  comparisons  to  material  specifications  or  available  reference  data.  Had  the  goal 
of  this  program  been  to  develop  statistically  significant  datasets,  a  larger  population  of  data 
would  have  been  required  that  represented  multiple  heats  and  lots  of  material.  With  the 
exception  of  some  ultimate  tensile  strength  results  for  the  Ti-6Al-6V-2Sn  plate,  the 
materials  were  generally  equivalent  to  the  reference  data  noted  throughout  the  report. 

It  is  recommended  that  A-  and  B-basis  MMPDS  design  allowables  be  developed  for 
the  Ti-6Al-6V-2Sn  alloy  in  the  plate  product  form.  Currently,  these  allowables  do  not  exist. 
Although  the  majority  of  the  strength  results  for  this  alloy  met  or  exceeded  the 
specification  minimum  values,  the  author  believes  that  the  material  specifications  may  not 
provide  sufficient  coverage  for  the  statistical  lower  bounds  of  the  population  of  recent 
production  heats  and  lots. 
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Appendix  A 

Individual  fatigue  crack  growth  rate  curves  for  Ti-6A1-4V  plate  (J91K). 
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Appendix  B 

Individual  fatigue  crack  growth  rate  curves  for  Ti-6Al-6V-2Sn  plate  (1247). 
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CAUTION 

This  information  consists  of  PRELIMINARY  reasonable  lower  bound  properties  for  titanium  billet.  (Fully 
analyzed  data,  labeled  FINAL,  will  be  forthcoming.) 

This  information  should  be  used  only  to  evaluate  the  potential  impact  of  improperly  substituted  titanium. 

This  information  should  not  be  used  for  design  purposes  in  place  of  material  properties  from  specifications 
or  MMPDS  entries  covering  titanium  plate,  bar,  or  other  product  forms. 

This  information  should  not  be  used  to  analyze  components  manufactured  from  titanium  stock  that  is  known 
to  be  compliant  with  applicable  specifications. 
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BACKGROUND 


An  ongoing  federal  investigation  has  identified  a  risk  associated  with  improperly 
processed  titanium  (Ti)  material  being  used  in  the  fabrication  of  critical  safety  items  and 
safety-of-flight  components  in  USAF,  DoD,  NASA,  FAA,  and  other  systems.  At  the  direction 
ofAFMC/CC,  a  Titanium  Task  Force  (led  by  AFMC/EN)  was  formed  to  further  define  risk  to 
USAF  systems  and  to  assist  with  mitigation  efforts.  The  suspect  Ti  material  (e.g.,  "billet,” 
"reforging  stock")  was  never  intended  to  be  machined  to  the  final  forms  in  which  it  is  now 
possibly  being  used.  This  R&D  testing  program  will  develop  new  baseline  (reasonable 
lower  bound)  properties  on  a  heretofore  not  fully  characterized  form  of  Ti.  The  decision  to 
refer  to  these  baseline  values  as  "reasonable  lower  bounds"  is  based  on  the  fact  that  an 
insufficient  quantity  of  material  heats  and  lots  were  represented  for  the  calculation  of 
traditional  MMPDS  m  A-  or  B-,  or  even  S-basis  allowables.  However,  the  number  of 
specimens  tested  (often  in  replicate)  is  significant.  Thus  "reasonable  lower  bound”  was 
chosen  as  the  proper  phrase  to  describe  properties  derived  from  the  testing  of  multiple 
specimens  from  the  two  heats  (per  alloy)  of  material  in  this  program.  While  these  do  not 
meet  the  requirements  for  standard  baseline  property  determination,  they  are, 
nevertheless,  significant. 

This  report  is  intended  to  summarize  the  mechanical  testing  of  one  Ti-6A1-4V  billet. 
The  data  presented  in  this  report  is  shown  on  a  "preliminary"  basis  and  should  not  be  used 
for  design  purposes. 

MATERIAL  DESCRIPTION 


The  Ti-6A1-4V  billet  summarized  in  this  report  was  purchased  from  Titanium 
Industries,  Inc.  As  shown  in  Figure  1,  the  section  received  had  nominal  dimensions  of 
24"(w)  x  45”(1)  x  6.5"(t)  and  had  been  produced  per  the  AMS  4928R  and  AMS-T-9047 
specifications.  The  billet’s  pedigree  traces  back  to  an  ingot  heat  K27P  produced  by  ATI 
Allvac.  The  billet  was  delivered  in  the  mill-annealed  heat  treat  condition. 

Upon  receipt  of  the  billet,  a  4-inch  wide  section  was  cut  along  the  length  of  the  billet. 
The  face  of  this  section  through  the  thickness  was  machined  to  a  32  Ra  surface  finish  and 
macro-etched  to  determine  forging  flowlines.  No  anomalous  behavior  was  noticed  during 
this  examination.  This  4”(w)  x  45”(1)  x  6.5”(t)  section  of  billet  was  not  used  for  subsequent 
mechanical  testing. 

Due  to  the  fact  that  billet  material  is  intended  to  be  an  intermediate  product  form 
and  not  meant  for  use  in  component  fabrication,  a  specimen  orientation  system  needed  to 
be  established.  The  standard  designations  of  longitudinal  (L),  long  transverse  (T),  and 
short  transverse  (S)  coordinate  system  were  employed  in  this  investigation  in  order  to 
establish  a  consistency  with  plate  and  bar  product  forms.  For  this  billet,  the  L-orientation 
was  assigned  to  the  billet  length,  the  T-orientation  to  the  billet  width,  and  the  S-orientation 
to  the  billet  thickness  as  illustrated  in  Figure  1. 
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Prior  to  test  specimen  extraction,  the  remaining  billet  was  sub-sectioned  (as  shown 
in  Figure  1)  so  that  it  could  be  subjected  to  non-destructive  evaluation  (NDE)  using 
ultrasonic  transmission  (UT).  The  individual  sections  were  designated  as  A  through  E  and 
these  designations  were  used  in  the  specimen  numbering  schema.  Some  relevant,  below 
threshold  indications  were  noted  during  this  evaluation,  particularly  in  Section  E.  These 
areas  were  noted  for  further  examination  in  the  event  of  anomalous  test  results.  After  the 
test  specimens  were  machined,  they  were  once  again  examined  using  NDE  techniques.  All 
specimens,  except  the  fracture  toughness,  were  examined  using  x-ray  and  fluorescent 
penetrant  inspection  (FPI).  Fracture  toughness  specimens  had  UT  and  FPI  examinations. 
Any  resultant  indications  were  noted  and  photographed  for  use  in  analysis  of  anomalous 
test  results. 


Figure  1.  Ti-6A1-4V  billet  (#K27P)  indicating  dimensions,  orientations,  and  sectioning  plan 

prior  to  specimen  extraction. 


TEST  PLAN 


Test  Specimens  -  The  test  specimens  were  excised  approximately  from  the 
locations  shown  in  Figure  2.  Specimens  were  removed  from  three  planes  through  the 
thickness  where  possible:  the  two  quarter  points  (t/4  and  3t/4)  and  the  midplane  (t/2). 
Throughout  this  report,  specimen  location  within  the  thickness  is  designated  by  either  "A” 
(t/4),  "B"  (t/2),  or  "C"  (3t/4).  For  short-transverse  (S  or  S-L)  oriented  specimens,  the 
location  was  determined  by  either  the  center  of  the  gage  length  or  the  crack  plane. 
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Figure  2.  Specimen  location  layout  drawings  for  sections  (a)  A,  (b)  B,  (c)  C,  (d)  D,  and  (e)  E. 


Test  specimens  were  machined  to  the  final  required  geometries  as  shown  in  the 
Figures  3  through  7.  All  of  the  geometries  were  in  accordance  with  the  applicable  test 
method  (as  described  in  the  next  section).  All  of  the  specimens  were  fabricated  using  the 
same  machine  shop  per  specimen  drawings  provided  by  AFRL/RXSCE,  in  order  to  minimize 
possibility  of  variability  due  to  specimen  machining.  Special  care  was  given  to  the 
traceability  of  the  specimen  back  to  a  general  location  within  the  billet.  Test  specimens 
were  given  a  unique  identification  that  would  allow  for  this  tracking. 


all  dimensions  in  inches 


Figure  3.  Geometry  of  tensile  test  specimen. 
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Figure  4.  Geometry  of  fatigue  test  specimen.  (Note:  gage  section  was  low-stress  ground  to 
a  final  surface  finish  of  8  Ra  and  then  hand-polished  longitudinally  to  remove  all 

circumferential  scratches.) 
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Figure  5.  Geometry  of  fatigue  crack  growth  rate  ESE(T)  test  specimen. 
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All  dimensions  in  inches 


Figure  6.  Geometry  of  fracture  toughness  C(T)  test  specimen. 
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all  dimensions  in  inches 


Figure  7.  Geometry  of  stress  corrosion  cracking  (SCC)  test  specimen. 


Test  Methods  -  The  test  methodologies  used  in  this  investigation  are  listed  in  Table 
1.  With  the  exception  of  stress  corrosion  cracking,  all  of  the  tests  were  performed  in 
accordance  with  applicable  ASTM  standards.  All  testing  was  performed  in  ambient 
laboratory  conditions  (approximately  72°F  and  50%  relative  humidity). 
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Table  1.  Test  Methodology 


Test 

ASTM  Method 

Tension  (Modulus) 

E  111-04  "Standard  Test  Method  for  Young’s  Modulus, 
Tangent  Modulus,  and  Chord  Modulus” 

Tension 

E  8/E  8M-08  "Standard  Test  Methods  for  Tension  Testing 
of  Metallic  Materials" 

Fatigue  (force-controlled) 

E  466-07  "Standard  Practice  for  Conducting  Force 
Controlled  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials" 

Fatigue  (strain-controlled) 

E606-04  "Standard  Practice  for  Strain-Controlled  Fatigue 
Testing" 

Fatigue  Crack  Growth  Rate 

E  647-08  "Standard  Test  Method  for  Measurement  of 
Fatigue  Crack  Growth  Rates" 

Fracture  Toughness 

E  399-08  "Standard  Test  Method  for  Linear-Elastic  Plane- 
Strain  Fracture  Toughness  Kic  of  Metallic  Materials" 

Stress  Corrosion  Cracking 

Similar  to  G  64-99  "Standard  Classification  of  Resistance 
to  Stress-Corrosion  Cracking  of  Heat-Treatable  Aluminum 
Alloys" 

Applied  stress  =  75%  of  specification  tensile  yield 
strength  /  40  days 

3.5%  NaCl  solution  -  alternate  immersion  (10  min  wet/50 
min  dry) 

Tension  (Modulus)  -  Prior  to  performing  full-range  tension  testing,  approximately 
10%  of  the  machined  tension  specimens  were  used  to  generate  modulus  data  using  the 
procedures  outlined  in  ASTM  Elll.  For  this  testing  the  specimens  were  loaded  to  a 
maximum  stress  below  the  proportional  limit,  so  as  to  remain  within  the  linear  region  of 
the  stress-strain  curve.  The  test  was  repeated  three  times  per  specimen,  with  the  specimen 
being  rotated  120°  between  test  runs.  Strain  was  measured  using  an  MTS  averaging 
extensometer  (B-l  classification)  with  a  one-inch  gage  length.  The  average  modulus  from 
the  three  runs  was  recorded  as  the  final  elastic  modulus. 

Tension  -  Tension  testing  was  performed  on  an  Instron  electro-mechanical  test 
machine  in  accordance  with  ASTM  E8.  Strain  was  measured  using  an  Instron  one-inch  gage 
length  extensometer.  The  extensometer  was  removed  from  the  specimen  prior  to  reaching 
ultimate  load  to  prevent  damage  to  the  instrument  during  specimen  breakage.  Elongation 
and  reduction  of  area  measurements  were  made  using  the  "fit-back"  method. 

Fatigue  (Force-controlled)  -  Axial  fatigue  testing  was  performed  under  force- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
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E466.  Stress  ratios  (R)  of  0.05  and  -1  were  used  in  this  investigation.  Replicate  specimens 
were  tested  at  four  applied  stress  levels  for  each  of  the  stress  ratios. 

Fatigue  [Strain-controlled]  -  Axial  fatigue  testing  was  performed  under  strain- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
E606.  An  MTS  one-inch  gage  length  extensometer  was  used  for  strain  measurement.  The 
testing  frequency  used  was  1  Hz.  Strain  ratios  (R£  =  £min/smax)  of  0.05  and  -1  was  used  for 
these  specimens.  Replicate  specimens  were  tested  at  four  applied  strain  levels  for  each  of 
the  strain  ratios. 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  testing  was  performed  on  an 
MTS  servo-hydraulic  test  machine  per  ASTM  E647  using  computer  data  acquisition  and 
control  systems  developed  in-house.  Crack  length  was  measured  via  using  compliance 
techniques  with  standard  crack-opening-displacement  (COD)  gages.  Testing  was 
performed  under  K-control  (C=-2)  until  a  near-threshold  growth  rate  (~5xl0_8  in/cycle) 
was  obtained,  at  which  point  the  test  was  then  run  under  constant  amplitude  (constant 
load)  conditions  for  the  remainder  of  the  test.  Initial  and  final  crack  lengths  were 
measured  optically  for  use  in  post-test  crack  correlation  calculations.  A  test  frequency  of 
25  Hz  was  used  throughout  the  test,  with  humidity  maintained  at  50%,  ±10%  for  the 
duration  of  the  test.  Specimens  were  tested  using  stress  ratios  (R)  of  0.1  and  0.7.  Two 
orientations  were  tested  for  this  program,  L-T  and  S-L,  where  the  first  letter  indicates  the 
loading  direction  and  the  second  letter  indicates  the  direction  of  crack  propagation.  The 
ESE(T)  specimen  geometry  was  utilized  for  the  billet  material  in  order  to  minimize  any 
potential  for  out-of-plane  cracking  due  to  anisotropy  in  the  material. 

Fracture  Toughness  -  Plane-strain  fracture  toughness  tests  were  performed  in 
accordance  with  ASTM  E399  on  a  Tinius-Olsen  electro-mechanical  test  machine.  Specimen 
precracking  was  performed  on  an  MTS  servo-hydraulic  test  machine.  Crack  length  was 
monitored  via  compliance  techniques  using  an  MTS  COD  gage  as  previously  described. 
Initial  and  final  crack  lengths  were  measured  optically  post-test. 

Stress  corrosion  cracking  -  The  theory  behind  this  testing  was  that  since  the  billet 
material  had  not  been  subject  to  final  hot  working,  the  microstructure  would  not  be  fully 
homogenized,  leading  to  the  potential  for  localized  aluminum  segregation.  If  this  were  to 
occur,  those  areas  would  be  more  susceptible  to  the  effect  of  stress  corrosion  cracking, 
particularly  at  this  applied  stress  level. 

For  this  investigation,  stress  corrosion  cracking  tests  were  therefore  performed  in 
order  to  simply  give  pass/fail  results.  As  there  is  currently  no  ASTM  test  method  for  SCC  of 
titanium  alloys,  the  procedure  outlined  in  ASTM  G64  ("A”  level)  was  used.  This  procedure 
has  been  adopted  for  use  within  AFRL/RXSCE  as  a  standard  SCC  test.  Specimens  were 
axially  loaded  (statically)  in  an  alternate  immersion,  3.5%  NaCl  solution  such  that  the 
specimens  were  submerged  in  the  solution  for  10  minutes  and  then  allowed  to  dry  for  the 
next  50  minutes  each  hour.  The  specimens  were  loaded  at  75%  of  the  specification  yield 
strength  (for  plate  and  bar).  For  this  alloy,  the  applied  stress  was  90  ksi.  The  test  duration 
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was  set  at  40  days.  To  pass  the  test,  no  failure  of  the  specimen  could  occur  during  the  40 
loading  cycle. 

FACTUAL  DATA 


Tension  -  The  results  of  tensile  testing  are  shown  in  Tables  2(a)  through  2(e).  With 
the  exception  of  one  specimen,  strength  levels  for  all  specimens  were  above  the 
specification  minimum  values  shown  in  AMS-T-9046  (plate)  or  AMS-T-9047  (bar)  for  this 
alloy,  after  rounding  rules  were  applied.  However,  some  of  the  specimens  did  have 
reduction  of  area  results  that  fell  below  the  minimum  properties  of  AMS-T-9047, 
particularly  in  the  short  transverse  orientation.  All  properties  that  fell  below  a 
specification  minimum  value  are  highlighted  in  red  in  the  tables.  Also,  some  of  the  short 
transverse  elastic  modulus  values  were  slightly  lower  than  expected  for  this  alloy.  In 
general,  there  was  less  than  a  5%  average  difference  between  those  modulus  results  from 
ASTM  Elll  tests  and  those  obtained  from  the  E8  tensile  test  record,  with  the  latter  results 
typically  being  lower.  In  addition,  there  did  not  appear  to  be  a  significant  difference 
between  specimens  excised  from  the  three  different  thickness  locations. 

Although  the  "reasonable  lower  bound"  for  the  alloy  will  be  calculated  and  identified 
in  a  future  report,  for  this  billet  a  preliminary  reasonable  lower  bound  was  calculated  using 
the  procedures  described  in  MMPDS  Section  9.4.1  and  assuming  normality  in  the  data 
population.  The  equation  used  for  the  calculation  of  these  preliminary  values  (for  strength 
only)  was: 

Minimum  S  =  X  —  s  •  k 

where 

X  =  sample  mean 

s  =  standard  deviation 

kgg  =  one-sided  tolerance-limit  factor  corresponding  to  a  proportion  at  least  0.99  of  a  normal 

distribution  and  a  confidence  coefficient  of  0.95  based  on  the  number  of  specimens  in  the  given 

population.  For  this  report,  a  kgg  factor  of  2.68  was  used,  representing  a  population  size  of  101. 

It  should  be  noted  that  the  AMS-T-9046  specification  does  not  list  minimum 
properties  for  the  short-transverse  orientation.  Due  to  evidence  indicating  that  non- 
conforming  materials  have  been  cut-down  from  billet  and  purported  as  plate  or  bar,  the 
expected  orientation  system  may  not  have  been  known  during  component  fabrication. 
Therefore,  the  results  from  the  two  orientations  tested  have  been  grouped  together  in 
order  to  provide  reasonable  lower  bound  properties.  After  calculating  these  values,  they 
were  compared  with  both  the  specification  minimums  and  MMPDS  A-basis  allowables.  The 
lesser  of  the  values  were  established  as  the  reasonable  lower  bound  property.  These 
preliminary  reasonable  lower  bound  properties  are  shown  in  Table  3.  For  modulus, 
elongation,  and  reduction  of  area,  the  minimum  value  from  the  data  has  been  used  as  the 
preliminary  reasonable  lower  bound. 
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Table  2.  Tensile  test  results. 

(a)  Longitudinal  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

K27PA-T-L-1-A 

L 

t/4 

126.4 

134.7 

14.8% 

27.9% 

17.4 

16.6 

L-2-A 

L 

t/4 

126.4 

134.4 

15.3% 

27.9% 

17.4 

16.3 

L-3-A 

L 

t/4 

127.2 

134.8 

17.7% 

26.1% 

16.3 

L-4-A 

L 

t/4 

127.5 

136.5 

15.6% 

27.8% 

17.1 

L-5-A 

L 

t/4 

126.1 

133.8 

16.1% 

28.7% 

17.0 

L-6-A 

L 

t/4 

126.6 

135.0 

16.2% 

29.1% 

16.3 

L-7-A 

L 

t/4 

126.7 

134.9 

14.6% 

25.0% 

16.3 

L-8-A 

L 

t/4 

126.7 

134.3 

14.2% 

27.1% 

16.3 

L-9-A 

L 

t/4 

125.9 

133.8 

16.3% 

26.0% 

16.3 

L-10-A 

L 

t/4 

125.8 

133.7 

12.1% 

26.0% 

17.7 

L-ll-A 

L 

t/4 

126.7 

134.6 

15.1% 

30.0% 

17.8 

L-12-A 

L 

t/4 

127.3 

135.2 

15.1% 

27.4% 

17.4 

L-13-A 

L 

t/4 

128.6 

137.1 

14.9% 

25.9% 

17.8 

L-14-A 

L 

t/4 

126.1 

133.8 

16.0% 

29.2% 

17.1 

K27PB-T-L-15-A 

L 

t/4 

126.1 

134.3 

15.7% 

24.1% 

17.4 

16.8 

L-16-A 

L 

t/4 

125.4 

133.5 

15.3% 

26.6% 

17.4 

16.7 

L-17-A 

L 

t/4 

125.7 

134.6 

13.7% 

22.0% 

16.7 

L-18-A 

L 

t/4 

127.2 

135.9 

15.2% 

25.8% 

17.1 

L-19-A 

L 

t/4 

126.2 

134.2 

17.2% 

26.4% 

16.3 

L-20-A 

L 

t/4 

126.4 

134.6 

14.1% 

24.5% 

17.3 

L-21-A 

L 

t/4 

126.4 

134.8 

14.6% 

27.3% 

17.1 

L-22-A 

L 

t/4 

125.7 

133.8 

13.9% 

25.8% 

17.0 

L-23-A 

L 

t/4 

124.1 

132.1 

13.8% 

26.6% 

17.1 

L-24-A 

L 

t/4 

126.0 

134.1 

13.5% 

24.9% 

17.3 

L-25-A 

L 

t/4 

125.1 

132.5 

14.0% 

27.5% 

16.5 

L-26-A 

L 

t/4 

125.0 

132.6 

13.7% 

24.7% 

16.7 

L-27-A 

L 

t/4 

126.4 

134.1 

16.3% 

22.9% 

16.4 

L-28-A 

L 

t/4 

128.0 

135.6 

16.5% 

31.0% 

17.2 
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K27PC-T-L-29-A 

L 

t/4 

126.5 

134.4 

15.6% 

29.7% 

17.4 

16.2 

L-30-A 

L 

t/4 

126.9 

135.1 

13.8% 

24.7% 

17.6 

17.0 

L-31-A 

L 

t/4 

126.8 

134.9 

14.7% 

23.5% 

17.0 

L-32-A 

L 

t/4 

126.7 

134.8 

14.4% 

27.4% 

16.5 

L-33-A 

L 

t/4 

126.5 

134.1 

16.5% 

23.4% 

16.6 

L-34-A 

L 

t/4 

127.4 

135.3 

16.2% 

23.4% 

16.8 

L-35-A 

L 

t/4 

128.2 

136.0 

14.4% 

27.9% 

17.1 

L-36-A 

L 

t/4 

126.7 

134.4 

16.0% 

32.2% 

16.6 

L-37-A 

L 

t/4 

125.0 

133.3 

15.3% 

28.0% 

16.9 

L-38-A 

L 

t/4 

125.9 

132.7 

15.5% 

28.6% 

17.2 

L-39-A 

L 

t/4 

127.3 

134.8 

17.2% 

24.2% 

17.1 

L-40-A 

L 

t/4 

128.4 

136.1 

15.2% 

28.4% 

17.3 

L-41-A 

L 

t/4 

127.7 

135.2 

15.3% 

29.5% 

17.0 

L-42-A 

L 

t/4 

127.5 

134.9 

13.8% 

30.6% 

17.0 

K27PD-T-L-43-A 

L 

t/4 

127.3 

134.7 

14.7% 

28.7% 

17.5 

16.5 

L-44-A 

L 

t/4 

126.6 

133.8 

11.9% 

21.0% 

17.4 

16.1 

L-45-A 

L 

t/4 

127.3 

134.7 

14.4% 

27.2% 

17.0 

L-46-A 

L 

t/4 

126.6 

133.9 

16.2% 

24.2% 

16.9 

L-47-A 

L 

t/4 

126.3 

133.3 

15.8% 

27.4% 

17.0 

L-48-A 

L 

t/4 

126.7 

133.8 

14.9% 

28.8% 

16.2 

L-49-A 

L 

t/4 

126.1 

133.8 

11.0% 

19.4% 

16.5 

L-50-A 

L 

t/4 

126.5 

134.8 

15.2% 

27.7% 

17.0 

L-51-A 

L 

t/4 

126.3 

133.6 

14.9% 

27.0% 

16.8 

L-52-A 

L 

t/4 

126.6 

133.6 

14.1% 

29.5% 

15.9 

L-53-A 

L 

t/4 

129.2 

137.1 

13.8% 

27.0% 

16.5 

L-54-A 

L 

t/4 

127.4 

134.6 

18.3% 

25.0% 

16.6 

L-55-A 

L 

t/4 

127.2 

135.1 

16.1% 

30.3% 

17.0 

L-56-A 

L 

t/4 

128.3 

135.3 

15.1% 

28.5% 

16.6 

AMS-T-9046 

120 

130 

10% 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 

(4"-6") 

120 

130 

10%  [8%]° 

20% 

[15%]° 

MMPDS  A-basis 

118 

130 

10 

16.0 

(a)  Values  in  brackets  [  ]  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(b)  Longitudinal  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

K27PA-T-L-1-B 

L 

t/2 

125.6 

134.8 

15.9% 

23.4% 

17.8 

17.0 

L-2-B 

L 

t/2 

126.2 

135.6 

13.0% 

26.2% 

17.7 

16.8 

L-3-B 

L 

t/2 

124.6 

132.7 

13.7% 

30.5% 

16.6 

L-4-B 

L 

t/2 

123.5 

132.4 

14.4% 

23.3% 

16.1 

L-5-B 

L 

t/2 

123.2 

131.6 

15.2% 

31.0% 

17.1 

L-6-B 

L 

t/2 

123.3 

131.2 

16.5% 

34.3% 

16.4 

L-7-B 

L 

t/2 

125.9 

135.1 

12.6% 

29.0% 

17.2 

L-8-B 

L 

t/2 

125.2 

133.9 

14.6% 

28.8% 

17.0 

L-9-B 

L 

t/2 

126.5 

134.8 

13.5% 

28.7% 

17.2 

L-10-B 

L 

t/2 

126.9 

135.0 

13.9% 

26.8% 

16.1 

L-ll-B 

L 

t/2 

127.1 

135.6 

16.3% 

29.7% 

16.1 

L-12-B 

L 

t/2 

126.6 

135.1 

17.6% 

34.9% 

16.6 

L-13-B 

L 

t/2 

127.7 

136.6 

18.6% 

29.3% 

16.7 

L-14-B 

L 

t/2 

127.5 

135.8 

15.3% 

28.2% 

17.3 

K27PB-T-L-15-B 

L 

t/2 

124.6 

133.0 

14.2% 

26.5% 

17.2 

17.1 

L-16-B 

L 

t/2 

123.9 

132.4 

15.4% 

28.5% 

17.2 

16.3 

L-17-B 

L 

t/2 

125.0 

134.5 

15.3% 

24.3% 

16.6 

L-18-B 

L 

t/2 

122.3 

130.1 

13.0% 

25.9% 

16.9 

L-19-B 

L 

t/2 

122.1 

129.8 

14.7% 

33.3% 

16.4 

L-20-B 

L 

t/2 

123.8 

132.6 

15.8% 

26.2% 

16.1 

L-21-B 

L 

t/2 

121.8 

129.9 

12.0% 

29.7% 

16.3 

L-22-B 

L 

t/2 

124.5 

133.1 

13.8% 

23.3% 

16.1 

L-23-B 

L 

t/2 

125.1 

133.5 

17.0% 

24.9% 

16.2 

L-24-B 

L 

t/2 

126.1 

133.5 

13.7% 

29.0% 

16.2 

L-25-B 

L 

t/2 

126.8 

134.8 

18.1% 

33.0% 

17.0 

L-26-B 

L 

t/2 

127.3 

135.0 

14.3% 

31.4% 

16.8 

L-27-B 

L 

t/2 

127.6 

135.6 

14.4% 

28.0% 

16.2 

L-28-B 

L 

t/2 

128.1 

136.5 

16.7% 

29.0% 

16.5 
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K27PC-T-L-29-B 

L 

t/2 

123.4 

131.2 

14.2% 

24.1% 

17.3 

16.8 

L-30-B 

L 

t/2 

124.2 

132.0 

15.6% 

31.8% 

17.3 

16.2 

L-31-B 

L 

t/2 

123.6 

131.4 

14.5% 

34.6% 

15.8 

L-32-B 

L 

t/2 

123.1 

130.4 

13.1% 

30.2% 

16.0 

L-33-B 

L 

t/2 

124.1 

132.4 

16.2% 

27.8% 

16.8 

L-34-B 

L 

t/2 

124.1 

132.2 

14.4% 

31.7% 

17.1 

L-35-B 

L 

t/2 

122.9 

130.4 

14.4% 

29.5% 

16.0 

L-36-B 

L 

t/2 

126.4 

134.7 

15.6% 

31.5% 

16.8 

L-37-B 

L 

t/2 

126.2 

134.1 

13.0% 

29.2% 

16.8 

L-38-B 

L 

t/2 

126.3 

135.2 

16.6% 

32.7% 

16.4 

L-39-B 

L 

t/2 

126.4 

134.8 

15.5% 

25.1% 

15.9 

L-40-B 

L 

t/2 

126.3 

134.7 

14.2% 

23.4% 

16.2 

L-41-B 

L 

t/2 

127.7 

133.9 

14.3% 

31.7% 

16.2 

L-42-B 

L 

t/2 

128.0 

136.7 

14.1% 

22.7% 

16.9 

K27PD-T-L-43-B 

L 

t/2 

126.0 

133.8 

17.3% 

32.5% 

17.8 

16.4 

L-44-B 

L 

t/2 

123.7 

131.5 

12.1% 

26.9% 

17.3 

16.6 

L-45-B 

L 

t/2 

123.4 

131.4 

14.4% 

24.2% 

17.0 

L-46-B 

L 

t/2 

121.5 

128.7 

0 

23.9% 

15.7 

L-47-B 

L 

t/2 

123.2 

130.6 

16.2% 

31.8% 

16.4 

L-48-B 

L 

t/2 

123.1 

130.5 

15.7% 

30.5% 

15.8 

L-49-B 

L 

t/2 

124.6 

132.8 

16.9% 

31.2% 

16.9 

L-50-B 

L 

t/2 

123.9 

131.8 

14.6% 

27.0% 

16.4 

L-51-B 

L 

t/2 

125.2 

134.0 

16.4% 

24.6% 

16.6 

L-52-B 

L 

t/2 

125.6 

133.8 

14.8% 

24.7% 

16.2 

L-53-B 

L 

t/2 

124.9 

133.2 

15.5% 

28.0% 

17.1 

L-54-B 

L 

t/2 

126.5 

134.1 

13.9% 

25.7% 

16.3 

L-55-B 

L 

t/2 

126.5 

134.4 

13.7% 

29.5% 

17.2 

L-56-B 

L 

t/2 

127.5 

135.3 

15.0% 

32.1% 

16.0 

AMS-T-9046 

120 

130 

10% 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 

(4"-6") 

120 

130 

10%  [8%]6 

20% 

[15%]fa 

MMPDS  A-basis 

118 

130 

10% 

16.0 

(a)  Specimen  broke  at  gage  punch  location. 

(b)  Values  in  brackets  []  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(c)  Longitudinal  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 
of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

K27PA-T-L-1-C 

L 

3t/4 

127.3 

135.6 

15.8% 

32.3% 

17.4 

L-2-C 

L 

3t/4 

125.8 

133.8 

12.7% 

26.1% 

16.7 

L-3-C 

L 

3t/4 

127.2 

135.8 

16.6% 

28.8% 

17.6 

17.3 

L-4-C 

L 

3t/4 

126.4 

135.1 

16.2% 

29.6% 

17.4 

17.0 

L-5-C 

L 

3t/4 

126.9 

135.2 

15.3% 

26.2% 

16.4 

L-6-C 

L 

3t/4 

127.3 

135.7 

14.4% 

31.0% 

17.2 

L-7-C 

L 

3t/4 

127.7 

136.2 

15.7% 

29.8% 

17.0 

L-8-C 

L 

3t/4 

127.0 

135.8 

14.0% 

27.4% 

17.6 

L-9-C 

L 

3t/4 

127.5 

136.6 

15.3% 

25.0% 

17.1 

L-IO-C 

L 

3t/4 

128.5 

138.5 

15.7% 

26.5% 

17.3 

L-ll-C 

L 

3t/4 

127.4 

136.2 

12.9% 

23.8% 

17.9 

L-12-C 

L 

3t/4 

126.2 

134.1 

14.6% 

28.3% 

16.1 

L-13-C 

L 

3t/4 

126.9 

134.5 

15.6% 

29.2% 

16.4 

L-14-C 

L 

3t/4 

127.0 

135.7 

17.2% 

30.1% 

17.5 

K27PB-T-L-15-C 

L 

3t/4 

126.8 

135.3 

16.9% 

28.6% 

17.1 

L-16-C 

L 

3t/4 

128.0 

136.2 

15.7% 

27.6% 

17.2 

L-17-C 

L 

3t/4 

126.5 

134.8 

16.8% 

24.0% 

17.5 

L-18-C 

L 

3t/4 

128.0 

136.3 

14.1% 

27.2% 

16.7 

L-19-C 

L 

3t/4 

127.4 

136.1 

15.2% 

24.6% 

17.3 

L-20-C 

L 

3t/4 

126.8 

135.1 

14.9% 

26.0% 

17.4 

16.2 

L-21-C 

L 

3t/4 

127.5 

136.1 

16.0% 

27.9% 

17.5 

16.2 

L-22-C 

L 

3t/4 

128.4 

137.4 

15.0% 

29.7% 

16.8 

L-23-C 

L 

3t/4 

128.0 

136.7 

15.1% 

24.0% 

16.6 

L-24-C 

L 

3t/4 

126.9 

135.4 

14.8% 

27.1% 

17.1 

L-25-C 

L 

3t/4 

127.6 

135.7 

15.6% 

30.6% 

16.1 

L-26-C 

L 

3t/4 

128.3 

137.7 

16.0% 

20.6% 

16.8 

L-27-C 

L 

3t/4 

128.3 

137.1 

16.9% 

30.8% 

16.9 

L-28-C 

L 

3t/4 

128.2 

135.9 

13.6% 

27.5% 

16.3 
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K27PC-T-L-29-C 

L 

3t/4 

128.0 

136.1 

13.1% 

25.4% 

17.8 

16.9 

L-30-C 

L 

3t/4 

127.3 

135.6 

15.2% 

24.0% 

17.6 

16.3 

L-31-C 

L 

3t/4 

126.5 

134.4 

15.1% 

30.0% 

17.3 

L-32-C 

L 

3t/4 

127.1 

134.9 

16.6% 

32.1% 

17.1 

L-33-C 

L 

3t/4 

127.3 

135.0 

16.5% 

30.0% 

16.6 

L-34-C 

L 

3t/4 

127.6 

135.6 

13.5% 

29.7% 

16.6 

L-35-C 

L 

3t/4 

127.6 

135.7 

15.9% 

31.4% 

17.0 

L-36-C 

L 

3t/4 

128.6 

136.5 

15.5% 

27.4% 

16.8 

L-37-C 

L 

3t/4 

129.7 

138.9 

14.9% 

25.3% 

17.0 

L-38-C 

L 

3t/4 

131.0 

140.8 

16.9% 

29.1% 

16.9 

L-39-C 

L 

3t/4 

131.5 

140.6 

17.5% 

26.6% 

17.2 

L-40-C 

L 

3t/4 

128.2 

136.4 

16.5% 

29.2% 

16.9 

L-41-C 

L 

3t/4 

128.9 

137.1 

14.7% 

31.7% 

16.9 

L-42-C 

L 

3t/4 

127.9 

135.8 

14.8% 

22.6% 

17.3 

K27PD-T-L-43-C 

L 

3t/4 

124.7 

131.6 

12.9% 

31.1% 

17.1 

16.6 

L-44-C 

L 

3t/4 

123.0 

131.4 

13.7% 

28.1% 

17.0 

15.8 

L-45-C 

L 

3t/4 

125.5 

133.0 

15.6% 

29.0% 

16.2 

L-46-C 

L 

3t/4 

124.9 

132.8 

16.6% 

30.6% 

16.6 

L-47-C 

L 

3t/4 

124.3 

131.2 

15.0% 

27.2% 

16.4 

L-48-C 

L 

3t/4 

126.1 

134.7 

14.7% 

27.6% 

16.6 

L-49-C 

L 

3t/4 

125.8 

133.8 

16.0% 

27.7% 

16.0 

L-50-C 

L 

3t/4 

125.5 

132.2 

16.5% 

29.5% 

16.2 

L-51-C 

L 

3t/4 

128.8 

137.7 

16.1% 

24.3% 

17.1 

L-52-C 

L 

3t/4 

130.1 

139.1 

13.8% 

26.9% 

16.8 

L-53-C 

L 

3t/4 

128.5 

136.6 

14.8% 

26.3% 

16.9 

L-54-C 

L 

3t/4 

128.5 

136.5 

15.9% 

28.7% 

17.0 

L-55-C 

L 

3t/4 

127.6 

134.6 

14.5% 

27.5% 

16.5 

L-56-C 

L 

3t/4 

128.9 

136.2 

15.5% 

27.3% 

16.7 

AMS-T-9046 

120 

130 

10% 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 
(4" -6") 

120 

130 

10%  [8%]° 

20% 

[15%]° 

MMPDS  A-basis 

118 

130 

10% 

16.0 

(a)  Values  in  brackets  [  ]  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(d)  Short-transverse  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(Msi) 

Elastic 

Modulus, 

E8 

(Msi) 

K27PA-T-S-1-A 

S 

t/4 

125.5 

137.7 

10.9% 

17.1% 

16.7 

15.8 

S-2-A 

S 

t/4 

125.7 

137.3 

11.6% 

20.0% 

16.7 

16.0 

S-3-A 

s 

t/4 

124.3 

135.2 

10.3% 

21.3% 

15.8 

S-4-A 

s 

t/4 

124.7 

136.9 

9.7% 

17.9% 

16.1 

K27PB-T-S-5-A 

s 

t/4 

125.9 

137.3 

11.3% 

18.0% 

16.8 

16.1 

S-6-A 

s 

t/4 

127.1 

135.5 

11.8% 

18.1% 

16.8 

16.0 

S-7-A 

s 

t/4 

124.5 

136.2 

10.7% 

16.0% 

16.5 

S-8-A 

s 

t/4 

124.9 

135.5 

11.6% 

18.4% 

15.8 

K27PC-T-S-9-A 

s 

t/4 

125.6 

135.7 

13.1% 

21.6% 

16.7 

15.7 

S-10-A 

s 

t/4 

124.1 

135.5 

11.0% 

17.9% 

16.6 

15.3 

S-ll-A 

s 

t/4 

126.5 

138.0 

13.2% 

16.8% 

15.7 

S-12-A 

s 

t/4 

125.4 

136.8 

13.7% 

21.8% 

16.1 

K27PD-T-S-13-A 

s 

t/4 

125.2 

135.6 

11.6% 

21.9% 

16.5 

15.4 

S-14-A 

s 

t/4 

125.2 

135.1 

12.8% 

14.1% 

16.7 

15.5 

S-15-A 

s 

t/4 

126.0 

136.9 

11.7% 

18.4% 

15.6 

S-16-A 

s 

t/4 

125.4 

136.8 

11.0% 

20.1% 

15.5 

AMS-T-9046 

120 

130 

10% 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 

(4"-6") 

120 

130 

10%  [8%]° 

20% 

[15%]° 

MMPDS  A-basis 

118 

130 

10% 

16.0 

(a)  Values  in  brackets  [  ]  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 
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(e)  Short-transverse  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(Msi) 

Elastic 

Modulus, 

E8 

(Msi) 

K27PA-T-S-1-C 

S 

3t/4 

125.4 

137.1 

10.9% 

16.2% 

15.4 

S-2-C 

S 

3t/4 

124.5 

136.7 

12.4% 

18.0% 

16.5 

15.7 

S-3-C 

s 

3t/4 

125.3 

138.0 

10.2% 

14.5% 

16.6 

15.6 

S-4-C 

s 

3t/4 

125.9 

137.7 

12.6% 

19.3% 

15.7 

K27PB-T-S-5-C 

s 

3t/4 

125.9 

137.1 

12.9% 

19.6% 

16.7 

15.9 

S-6-C 

s 

3t/4 

124.5 

136.1 

11.1% 

17.1% 

16.4 

15.7 

S-7-C 

s 

3t/4 

125.8 

137.1 

11.7% 

14.8% 

15.6 

S-8-C 

s 

3t/4 

126.3 

138.4 

10.9% 

14.3% 

15.6 

K27PC-T-S-9-C 

s 

3t/4 

123.6 

134.3 

10.5% 

21.4% 

16.6 

15.6 

S-IO-C 

s 

3t/4 

125.1 

135.9 

11.8% 

19.8% 

16.8 

15.6 

S-ll-C 

s 

3t/4 

124.6 

136.9 

13.1% 

20.7% 

16.5 

S-12-C 

s 

3t/4 

125.5 

137.3 

11.8% 

20.2% 

15.6 

K27PD-T-S-13-C 

s 

3t/4 

122.0 

132.3 

10.5% 

19.8% 

16.7 

15.4 

S-14-C 

s 

3t/4 

121.8 

132.1 

12.9% 

20.2% 

16.5 

15.3 

S-15-C 

s 

3t/4 

125.6 

137.1 

10.8% 

22.3% 

16.3 

S-16-C 

s 

3t/4 

125.7 

137.0 

10.8% 

21.5% 

16.3 

AMS-T-9046 

120 

130 

10% 

AMS-T-9047 
(4"  &  under) 

120 

130 

10% 

25% 

AMS-T-9047 
(4" -6") 

120 

130 

10%  [8%]b 

20% 

[15%]‘ 

MMPDS  A-basis 

118 

130 

10% 

16.0 

[a]  Specimen  failed  at  gage  punch  location. 

(b)  Values  in  brackets  []  apply  to  the  short  transverse  orientation  for  short  transverse  dimensions  of  3.0  inches  or  greater. 


Table  3.  Preliminary  reasonable  lower  bound  tensile  properties  for  Ti-6A1-4V  billet 

(#K27P). 


Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus 

(msi) 

118 

130 

10% 

14% 

15.3 
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Fatigue  (force-controlled!  -  The  results  of  force-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  8.  Individual  results  are  tabulated  in  Tables  4  (a)  and  (b).  In 
Figure  8,  the  results  for  each  stress  ratio  (R)  and  orientation  have  been  fit  with  a  best-fit 
power-law  curve  for  graphical  purposes  only.  Also  included  in  this  figure  is  a  curve  based 
on  an  equivalent  stress  equation  from  MMPDS  Figure  5.4.1.1.8(a)  for  a  mean  stress  of  zero 
(R  =  -1).  This  curve  is  for  comparison  with  the  R  =  -1  data  generated  in  this  investigation. 
As  stated  in  Figure  4,  the  fatigue  specimens  used  herein  were  manufactured  using  low- 
stress-grinding  operations  to  a  surface  finish  (Ra)  of  8  per  the  ASTM  E466  Standard.  The 
MMPDS  reference  data  curve  was  generated  from  specimens  having  a  surface  roughness  of 
32.  Furthermore,  it  is  not  known  whether  low-stress  grinding  was  used  on  these 
specimens.  These  aspects  could  quite  easily  have  contributed  to  the  difference  between  the 
data  sets. 


Figure  8.  Force-controlled  axial  fatigue  test  results. 
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Table  4.  Force-controlled  axial  fatigue  test  results. 

(a)  R  =  0.05 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

K27PC-F-L-18-A 

t/4 

L 

120 

0.05 

26,510 

K27PD-F-L-22-A 

t/4 

L 

120 

0.05 

28,500 

K27PB-F-L-12-B 

t/2 

L 

120 

0.05 

24,210 

K27PC-F-L-18-C 

3t/4 

L 

120 

0.05 

34,710 

K27PA-F-L-6-A 

t/4 

L 

100 

0.05 

193,690 

K27PA-F-L-6-B 

t/2 

L 

100 

0.05 

212,970 

K27PD-F-L-23-B 

t/2 

L 

100 

0.05 

241,290 

K27PB-F-L-12-C 

3t/4 

L 

100 

0.05 

116,430 

K27PB-F-L-12-A 

t/4 

L 

80 

0.05 

530,520 

K27PC-F-L-18-B 

t/2 

L 

80 

0.05 

553,540 

K27PD-F-L-22-B 

t/2 

L 

80 

0.05 

677,000 

K2  7PD-F-L-22-C 

3t/4 

L 

80 

0.05 

438,490 

K27PD-F-L-24-A 

t/4 

L 

70 

0.05 

1,467,700 

K27PD-F-L-24-B 

t/2 

L 

70 

0.05 

681,030 

K27PA-F-L-6-C 

3t/4 

L 

70 

0.05 

2,332,410 

K27PD-F-L-23-C 

3t/4 

L 

70 

0.05 

1,319,690 

K27PD-F-S-61-B 

t/2 

S 

120 

0.05 

12,910 

K27PC-F-S-47-B 

t/2 

S 

120 

0.05 

13,920 

K27PA-F-S-13-B 

t/2 

S 

120 

0.05 

20,580 

K27PC-F-S-45-B 

t/2 

S 

120 

0.05 

14,010 

K2  7PD-F-S-63-B 

t/2 

S 

100 

0.05 

112,110 

K27PC-F-S-46-B 

t/2 

S 

100 

0.05 

176,010 

K27PD-F-S-64-B 

t/2 

S 

100 

0.05 

198,140 

K27PA-F-S-16-B 

t/2 

S 

100 

0.05 

177,530 

K2  7PD-F-S-62-B 

t/2 

S 

80 

0.05 

686,950 

K27PC-F-S-48-B 

t/2 

S 

80 

0.05 

508,620 

K27PA-F-S-15-B 

t/2 

S 

80 

0.05 

807,970 

K27PB-F-S-31-B 

t/2 

S 

80 

0.05 

405,590 

K27PA-F-S-14-B 

t/2 

S 

70 

0.05 

746,580 

K27PB-F-S-30-B 

t/2 

S 

70 

0.05 

941,580 

K27PB-F-S-29-B 

t/2 

S 

70 

0.05 

905,960 

K27PB-F-S-32-B 

t/2 

S 

70 

0.05 

966,380 
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(b)  R  =  -1 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

K27PA-F-L-1-A 

t/4 

L 

90 

-1 

21,057 

K27PB-F-L-8-A 

t/4 

L 

90 

-1 

23,392 

K27PB-F-L-10-A 

t/4 

L 

90 

-1 

14,784 

K27PA-F-L-3-B 

t/2 

L 

90 

-1 

18,124 

K27PC-F-L-13-B 

t/2 

L 

90 

-1 

22,153 

K27PA-F-L-5-A 

t/4 

L 

80 

-1 

22,582 

K27PA-F-L-1-B 

t/2 

L 

80 

-1 

33,604 

K27PB-F-L-10-B 

t/2 

L 

80 

-1 

33,945 

K27PA-F-L-3-C 

3t/4 

L 

80 

-1 

39,256 

K27PC-F-L-13-C 

3t/4 

L 

80 

-1 

49,095 

K27PC-F-L-15-A 

t/4 

L 

70 

-1 

88,100 

K27PB-F-L-8-B 

t/2 

L 

70 

-1 

881,164 

K27PA-F-L-1-C 

3t/4 

L 

70 

-1 

64,604 

K27PA-F-L-5-C 

3t/4 

L 

70 

-1 

42,025 

K27PB-F-L-10-C 

3 1/4 

L 

70 

-1 

92,443 

K27PA-F-L-3-A 

t/4 

L 

60 

-1 

124,153 

K27PC-F-L-13-A 

t/4 

L 

60 

-1 

414,646 

K27PA-F-L-5-B 

t/2 

L 

60 

-1 

6,836,683 

K27PC-F-L-15-B 

t/2 

L 

60 

-1 

122,060 

K27PB-F-L-8-C 

3t/4 

L 

60 

-1 

2,468,536 

K27PA-F-S-2-B 

t/2 

S 

90 

-1 

18,058 

K27PE-F-S-67-B 

t/2 

S 

90 

-1 

15,694 

K2  7PD-F-S-52-B 

t/2 

S 

90 

-1 

14,670 

K27PB-F-S-20-B 

t/2 

S 

90 

-1 

13,903 

K27PB-F-S-18-B 

t/2 

S 

80 

-1 

19,384 

K27PE-F-S-66-B 

t/2 

S 

80 

-1 

27,065 

K27PB-F-S-17-B 

t/2 

S 

80 

-1 

31,424 

K27PA-F-S-4-B 

t/2 

S 

80 

-1 

43,866 

K27PE-F-S-65-B 

t/2 

S 

70 

-1 

63,686 

K27PB-F-S-19-B 

t/2 

S 

70 

-1 

301,379 

K27PD-F-S-50-B 

t/2 

S 

70 

-1 

614,040 

K27PC-F-S-35-B 

t/2 

S 

70 

-1 

45,034 

K27PA-F-S-3-B 

t/2 

S 

70 

-1 

60,254 

K27PC-F-S-33-B 

t/2 

S 

60 

-1 

1,529,071 

K27PD-F-S-51-B 

t/2 

S 

60 

-1 

2,198,996 

K27PC-F-S-34-B 

t/2 

S 

60 

-1 

110,116 

K27PD-F-S-49-B 

t/2 

S 

60 

-1 

101,203 

K27PA-F-S-1-B 

t/2 

S 

60 

-1 

3,334,177 
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Fatigue  (strain-controlled)  -  The  results  of  strain-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  9,  with  individual  results  tabulated  in  Table  5.  In  Figure  9,  the 
results  for  each  strain  ratio  (RE)  and  orientation  have  been  fit  with  a  best-fit  power-law 
curve  for  graphical  purposes  only. 


CD 

CO 


CCS 
■*—> 
c n 


Fatigue  Life  (cycles) 


Figure  9.  Strain-controlled  axial  fatigue  test  results. 


157 

Approved  for  public  release;  distribution  unlimited. 


Table  5.  Strain-controlled  axial  fatigue  test  results, 
(a)  R£  =  0.05 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Re 

Cycles  to  Failure 

K27PA-F-L-4-A 

t/4 

L 

0.0175 

0.05 

1,474 

K27PE-F-L-25-A 

t/4 

L 

0.0175 

0.05 

1,678 

K27PB-F-L-7-B 

t/2 

L 

0.0175 

0.05 

1,006 

K27PD-F-L-21-B 

t/2 

L 

0.0175 

0.05 

557 

K27PC-F-L-17-C 

3 1/4 

L 

0.0175 

0.05 

1,303 

K27PE-F-L-25-C 

3 1/4 

L 

0.0175 

0.05 

1,664 

K27PA-F-L-2-A 

t/4 

L 

0.0147 

0.05 

2,344 

K27PD-F-L-20-A 

t/4 

L 

0.0147 

0.05 

1,602 

K27PE-F-L-27-A 

t/4 

L 

0.0147 

0.05 

2,566 

K27PA-F-L-4-B 

t/2 

L 

0.0147 

0.05 

2,215 

K27PB-F-L-7-C 

3 1/4 

L 

0.0147 

0.05 

2,583 

K27PC-F-L-17-A 

t/4 

L 

0.0119 

0.05 

5,631 

K27PA-F-L-2-B 

t/2 

L 

0.0119 

0.05 

5,671 

K27PD-F-L-20-B 

t/2 

L 

0.0119 

0.05 

6,679 

K27PE-F-L-25-B 

t/2 

L 

0.0119 

0.05 

7,376 

K27PA-F-L-4-C 

3 1/4 

L 

0.0119 

0.05 

5,618 

K27PB-F-L-7-A 

t/4 

L 

0.0095 

0.05 

13,522 

K27PC-F-L-17-B 

t/2 

L 

0.0095 

0.05 

9,700 

K27PE-F-L-27-B 

t/2 

L 

0.0095 

0.05 

11,057 

K27PA-F-L-2-C 

3 1/4 

L 

0.0095 

0.05 

13,516 

K27PD-F-L-20-C 

3 1/4 

L 

0.0095 

0.05 

13,651 

K27PE-F-L-27-C 

3 1/4 

L 

0.0095 

0.05 

14,525 

K27PB-B-S-21-B 

t/2 

S 

0.0175 

0.05 

706 

K27PC-F-S-37-B 

t/2 

S 

0.0175 

0.05 

757 

K27PD-F-S-53-B 

t/2 

S 

0.0175 

0.05 

724 

K27PE-F-S-69-B 

t/2 

S 

0.0175 

0.05 

946 

K27PE-F-S-70-B 

t/2 

S 

0.0175 

0.05 

901 

K27PA-F-S-6-B 

t/2 

S 

0.0147 

0.05 

1,308 

K27PB-F-S-22-B 

t/2 

S 

0.0147 

0.05 

1,159 

K27PC-F-S-38-B 

t/2 

S 

0.0147 

0.05 

1,127 

K27PD-F-S-54-B 

t/2 

S 

0.0147 

0.05 

1,317 

K27PA-F-S-7-B 

t/2 

S 

0.0119 

0.05 

5,157 

K27PB-F-S-23-B 

t/2 

S 

0.0119 

0.05 

3,115 

K27PC-F-S-39-B 

t/2 

S 

0.0119 

0.05 

3,456 

K27PD-F-S-55-B 

t/2 

S 

0.0119 

0.05 

3,812 

K27PA-F-S-8-B 

t/2 

S 

0.0095 

0.05 

7,068 

K27PC-F-S-40-B 

t/2 

S 

0.0095 

0.05 

11,092 

K27PD-F-S-56-B 

t/2 

S 

0.0095 

0.05 

11,836 

K27PD-F-S-60-B 

t/2 

S 

0.0095 

0.05 

11,620 

K27PE-F-S-71-B 

t/2 

S 

0.0095 

0.05 

13,012 
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(b)  Re  =  -1 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Rs 

Cycles  to  Failure 

K27PB-F-L-9-A 

t/4 

L 

0.0148 

-1 

2,833 

K27PC-F-L-16-A 

t/4 

L 

0.0148 

-1 

2,621 

K2  7PE-F-L-26-A 

t/4 

L 

0.0148 

-1 

2,909 

K27PB-F-L-11-B 

t/2 

L 

0.0148 

-1 

1,324 

K27PC-F-L-14-C 

3 1/4 

L 

0.0148 

-1 

2,691 

K27PB-F-L-11-A 

t/4 

L 

0.0120 

-1 

5,725 

K27PB-F-L-9-B 

t/2 

L 

0.0120 

-1 

9,583 

K27PC-F-L-16-B 

t/2 

L 

0.0120 

-1 

5,022 

K27PE-F-L-26-B 

t/2 

L 

0.0120 

-1 

11,267 

K27PB-F-L-11-C 

3 1/4 

L 

0.0120 

-1 

8,900 

K27PC-F-L-14-A 

t/4 

L 

0.0110 

-1 

13,970 

K27PD-F-L-19-B 

t/2 

L 

0.0110 

-1 

12,034 

K27PB-F-L-9-C 

3 1/4 

L 

0.0110 

-1 

16,884 

K27PD-F-L-19-C 

3 1/4 

L 

0.0110 

-1 

12,879 

K27PD-F-L-21-C 

3 1/4 

L 

0.0110 

-1 

7,659 

K27PD-F-L-19-A 

t/4 

L 

0.0096 

-1 

23,493 

K27PD-F-L-21-A 

t/4 

L 

0.0096 

-1 

23,124 

K27PC-F-L-14-B 

t/2 

L 

0.0096 

-1 

28,168 
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-1 

15,422 
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S 
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-1 

20,320 

K27PD-F-S-58-B 

t/2 

S 

0.0096 

-1 

15,478 
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S 
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-1 
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t/2 

S 

0.0096 

-1 

26,116 
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Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  test  result  summary  curves 
are  shown  in  Figures  10  and  11  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  Individual 
specimen  curves  are  located  in  Appendix  A  of  this  report.  For  both  stress  ratios,  the  S-L 
orientation  specimens  tended  to  have  faster  growth  rates  than  the  L-T  specimens.  Also 
included  on  these  summary  curves  are  best-fit  mean  curves  from  MMPDS-04  Figure 
5.4.1.1.9(al)  for  0.25  inch  thick  Ti-6A1-4V  plate  (L-T  orientation).  Comparing  the  data 
generated  from  billet  specimens  with  the  MMPDS  reference  data,  the  combined  orientation 
billet  data  generally  exhibits  slower  growth  rates  over  the  range  of  stress  intensities 
examined.  Fractographic  and  metallographic  examinations  of  the  failed  specimens  will  be 
performed  to  investigate  possible  reasons  for  this  difference  in  growth  rates.  For  example, 
larger  grain  (or  colony)  sizes  in  the  billet  material  could  lead  to  slower  growth  rates. 
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Figure  10.  Fatigue  crack  growth  rate  test  results  (R=0.1). 


161 

Approved  for  public  release;  distribution  unlimited. 


10 4 


10'5 


10 6 


10 7 


10 8 


Ti-6AI-4V  Billet  (K27P) 


Fatigue  Crack  Growth  Rate  Testing 
R=0.7,  25  Hz 

•  K27PA-C-LT-2-A  (t/4) 

▲  K27PD-C-LT-6-A  (t/4) 

•  K27PA-C-LT-2-B  (t/2) 

▲  K27PC-C-LT-4-B  (t/2) 

•  K27PE-C-LT-8-B  (t/2) 

•  K27PD-C-LT-6-C  (3t/4) 

▲  K27PC-C-LT-4-C  (3t/4) 

•  K27PA-C-SL-2-B  (t/2) 

▲  K27PC-C-SL-7-B  (t/2) 

▼  K27PC-C-SL-8-B  (t/2) 

►  K27PD-C-SL-11-B  (t/2) 

•  K27PD-C-SL-12-B  (t/2) 

•  K27PE-C-SL-15-B  (t/2) 

/ 

•  ▲ 

. 

 JjA 

£  A 

i 

* 

< 

◄  K27PE-C-SL-16-B  (t/2) 

MMPDS-04 

1  Fig.  5.4.1.1.9(a1) 

►  ► 

4 

i 

A 

EiL 

A 

i 

JA  j 

• 

r 

J 

w 

b 

1  10  100 

AK  (KSlVin) 


Figure  11.  Fatigue  crack  growth  rate  test  results  (R=0.7). 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  are  shown  in  Table 
6.  Only  valid  Kic  values  (per  ASTM  E399)  are  shown.  Five  test  specimens  produced  invalid 
results,  having  failed  the  "Pmax/Pq  <  1.1"  validity  check,  and  have  not  been  included  in  the 
table.  Two  other  specimens  were  damaged  during  precracking.  For  this  investigation,  only 
the  L-T  orientation  was  tested. 

The  data  does  not  show  a  difference  based  upon  the  thickness  location  in  the  billet 
from  where  the  specimens  were  extracted. 

Also  shown  in  this  table  are  reference  values  from  the  Damage  Tolerant  Design 
Handbook  [2]  for  mill-annealed  billet.  The  pedigree  of  the  billet  in  this  handbook  is  not 
known.  All  of  the  data  generated  for  this  report  is  significantly  higher  than  the  reference 
data. 


As  there  is  no  accepted  standard  for  the  development  of  a  reasonable  lower  bound 
for  fracture  toughness  and  the  fact  that  the  material  specifications  do  not  specify  minimum 
properties  for  this  test,  the  lowest  value  of  the  data  set  was  selected  as  the  "preliminary 
reasonable  lower  bound"  fracture  toughness  on  this  billet. 


Table  6.  Fracture  toughness  test  results. 


Thickness 

K|C 

Location 

(ksiVin) 

K27PC-K-LT-2-A 

t/4 

84.1 

LT-2-C 

3t/4 

80.7 

K27PD-K-LT-3-A 

t/4 

79.4 

LT-3-C 

3t/4 

74.6 

K27PE-K-LT-4-C 

3t/4 

85.1 

LT-5-A 

t/4 

79.7 

LT-5-B 

t/2 

81.5 

LT-5-C 

LT-6-A 

3t/4 

t/4 

80.6 

/  l.J  “ 

LT-6-B 

t/2 

77.7 

LT-6-C 

3t/4 

75.0 

Damage  Tolerant 
Design  Handbook 

52.3 

Table  6.18.1.1 

(Billet)  Mean 

Preliminary  reasonable  lower 
bound 


Stress  Corrosion  Cracking  -  Axial,  smooth  bar  stress  corrosion  cracking  tests  were 
performed  on  24  test  specimens,  representing  all  three  thickness  locations  and  two 
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orientations  (L  and  S).  As  stated  previously,  the  specimens  were  loaded  at  a  stress  of  90  ksi 
(75%  of  the  specification  yield  strength  of  120  ksi)  for  40  days  in  an  alternate  immersion 
3.5%  NaCl  solution.  No  failures  occurred  during  testing.  After  testing,  specimens  were 
rinsed  in  deionized  water  and  visually  inspected  for  evidence  of  corrosion  damage.  No 
evidence  of  pitting  or  other  corrosion-related  damage  was  indicated. 


CONCLUSIONS  AND  RECOMMENDATIONS 


As  this  report  dealt  with  mechanical  properties  from  only  one  Ti-6A1-4V  billet,  no 
specific  conclusions  or  recommendations  will  be  made,  other  than  comparisons  to  material 
specifications  or  available  reference  data.  With  the  exception  of  tensile  ductility  (reduction 
of  area)  results,  the  material  was  generally  equivalent  to  the  reference  data  noted 
throughout  the  report.  The  lower  ductility  results  should  not  be  overlooked  however  when 
evaluating  this  material  with  respect  to  properly  processed  plate  or  bar. 
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Appendix  A 

Individual  fatigue  crack  growth  rate  curves  for  Ti-6A1-4V  billet  (K27P). 
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This  information  should  be  used  only  to  evaluate  the  potential  impact  of  improperly  substituted  titanium. 

This  information  should  not  be  used  for  design  purposes  in  place  of  material  properties  from  specifications 
or  MMPDS  entries  covering  titanium  plate,  bar,  or  other  product  forms. 
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to  be  compliant  with  applicable  specifications. 
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EXECUTIVE  SUMMARY 


This  report  is  intended  to  summarize  the  mechanical  testing  of  two  Ti-6Al-6V-2Sn 
billets.  The  data  presented  in  this  report  is  shown  on  a  "preliminary"  basis  and  should  not 
be  used  for  design  purposes.  Preliminary  reasonable  lower  bounds  are  given  for  tensile 
and  fracture  toughness  test  results.  Ultimate  tensile  strength  and  tensile  yield  strength 
preliminary  reasonable  lower  bounds  are  based  on  a  statistical  analysis  (described  herein). 
Elastic  modulus,  ductility,  and  fracture  toughness  preliminary  reasonable  lower  bounds  are 
based  on  the  lowest  value  in  the  population  for  that  billet.  Fatigue  and  fatigue  crack 
growth  results  are  presented  in  this  report  without  discussion  of  lower  bounds,  as  these 
properties  will  have  further  analyses  (to  be  discussed  in  a  future  report)  that  will  establish 
a  delta  in  "life"  based  on  comparison  with  control  plate  properties. 

Key  results  of  the  testing  described  in  this  report  are  shown  in  the  table  below.  For 
tensile  results,  specification  minimum  properties  (for  properly  processed  materials)  are 
also  shown  for  comparison  purposes. 


Property 

Billet  Number 

Preliminary 
Reasonable 
Lower  Bound 

Specification  Minimum  Value 

Ftu 

14824 

139  ksi 

AMS-T-9046:  145  ksi 

AMS-T-9047  (l”-3”):  143  ksi 
AMS-T-9047  (3”-4”):  137  ksi 

14828 

137  ksi 

Fty 

14824 

131  ksi 

AMS-T-9046:  135  ksi 

AMS-T-9047  (l”-3”):  131  ksi 
AMS-T-9047  f3"-4"]:  129  ksi 

14828 

131  ksi 

%  elongation 

14824 

10% 

AMS-T-9046:  8% 

AMS-T-9047  (l"-3"):  10% 
AMS-T-9047  (3"-4 "):  10% 

14828 

11% 

%  reduction  of 

area 

14824 

19% 

AMS-T-9046:  n/a 

AMS-T-9047  (l"-3"):  20% 
AMS-T-9047  20% 

14828 

19% 

E 

14824 

14.2  msi 

MMPDS04  (typical):  16.0  msi 

14828 

14.3  msi 

K,c 

14824 

79.5  ksh/in 

n/a 

14828 

71.8  ksh/in 

where: 

Ftu;  ultimate  tensile  strength 

F  ty.'  tensile  yield  strength 

E:  elastic  modulus 

Kic/  plane  strain  fracture  toughness 
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BACKGROUND 


A  federal  investigation  identified  a  risk  associated  with  improperly  processed 
titanium  (Ti)  material  being  used  in  the  fabrication  of  critical  safety  items  and  safety-of- 
flight  components  in  USAF,  DoD,  NASA,  FAA,  and  other  systems.  At  the  direction  of 
AFMC/CC,  a  Titanium  Task  Force  (led  by  AFMC/EN)  was  formed  to  further  define  risk  to 
USAF  systems  and  to  assist  with  mitigation  efforts.  The  suspect  Ti  material  (e.g.,  "billet,” 
"reforging  stock")  was  never  intended  to  be  machined  to  the  final  forms  in  which  it  is  now 
possibly  being  used.  This  R&D  testing  program  will  develop  new  baseline  (reasonable 
lower  bound)  properties  on  a  heretofore  not  fully  characterized  form  of  Ti.  The  decision  to 
refer  to  these  baseline  values  as  "reasonable  lower  bounds”  is  based  on  the  fact  that  an 
insufficient  quantity  of  material  heats  and  lots  were  represented  for  the  calculation  of 
traditional  MMPDS  m  A-  or  B-,  or  even  S-basis  allowables.  However,  the  number 
specimens  tested  (often  in  replicate)  is  significant.  Thus  "reasonable  lower  bound"  was 
chosen  as  the  proper  phrase  to  describe  properties  derived  from  the  testing  of  multiple 
specimens  from  the  two  heats  (per  alloy)  of  material  in  this  program.  While  these  do  not 
meet  the  requirements  for  standard  baseline  property  determination,  they  are, 
nevertheless,  significant. 

This  report  is  intended  to  summarize  the  mechanical  testing  of  two  Ti-6Al-6V-2Sn 
billets.  The  data  presented  in  this  report  is  shown  on  a  "preliminary"  basis  and  should  not 
be  used  for  design  purposes. 
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MATERIAL  DESCRIPTION 


The  Ti-6Al-6V-2Sn  billets  summarized  in  this  report  were  purchased  from  Sierra 
Alloys.  The  billets  were  fabricated  for  this  program  to  thicknesses  prescribed  by 
AFRL/RXS  in  order  to  produce  two  different  levels  of  hot  working  in  the  material.  Upon 
receipt  from  Sierra  Alloys,  the  billets  had  nominal  dimensions  of  12”(w)  x  105”(1)  x  4.5”(t), 
identified  throughout  this  report  as  billet  number  14824,  and  12”(w)  x  80"(1)  x  8”(t), 
identified  throughout  this  report  as  billet  number  14828.  The  billets  had  been  produced 
per  the  AMS-T-9047G  specification.  The  billets’  pedigree  trace  back  to  an  ingot  heat 
HC14820  produced  by  Howmet.  The  billets  were  delivered  in  the  mill-annealed  heat  treat 
condition. 

Upon  receipt  of  the  billets,  a  2-inch  wide  section  was  cut  along  the  length  of  the 
billet.  The  face  of  this  section  through  the  thickness  was  machined  to  a  32  Ra  surface  finish 
and  macro-etched  to  determine  forging  flowlines.  No  anomalous  microstructure  was 
noticed  during  this  examination.  These  sections  of  the  billets  were  not  used  for  subsequent 
mechanical  testing. 

Due  to  the  fact  that  billet  material  is  intended  to  be  an  intermediate  product  form 
and  not  meant  for  use  in  component  fabrication,  a  specimen  orientation  system  needed  to 
be  established.  The  standard  designations  of  longitudinal  (L),  long  transverse  (T),  and 
short  transverse  (S)  coordinate  system  were  employed  in  this  investigation  in  order  to 
establish  a  consistency  with  plate  and  bar  product  forms.  For  this  billet,  the  L-orientation 
was  assigned  to  the  billet  length,  the  T-orientation  to  the  billet  width,  and  the  S-orientation 
to  the  billet  thickness  as  illustrated  in  Figure  1. 

Prior  to  test  specimen  extraction,  the  remaining  billet  was  sub-sectioned  (as  shown 
in  Fig.  1)  so  that  it  could  be  subjected  to  non-destructive  evaluation  (NDE)  using  ultrasonic 
transmission  (UT).  The  individual  sections  were  designated  as  A  through  H  and  these 
designations  were  used  in  the  specimen  numbering  schema.  Any  relevant,  below 
threshold,  indications  were  noted  during  this  evaluation  in  the  event  of  anomalous  test 
results.  After  the  test  specimens  were  machined,  they  were  once  again  examined  using 
NDE  techniques.  All  specimens,  except  the  fracture  toughness,  were  examined  using  x-ray 
and  fluorescent  penetrant  inspection  (FPI).  Fracture  toughness  specimens  had  UT  and  FPI 
examinations.  Any  resultant  indications  were  noted  and  photographed  for  use  in  analysis 
of  anomalous  test  results. 
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Figure  1.  (a)  Ti-6Al-6V-2Sn  billet  (14824)  and  (b)  Ti-6Al-6V-2Sn  billet  (14828)  indicating 
dimensions  and  orientations  prior  to  specimen  extraction.  [Note:  All  dimensions  in  inches.] 
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TEST  PLAN 


Test  Specimens  -  The  test  specimens  were  excised  from  approximately  the 
locations  shown  in  Figures  2(a)  and  (b)  for  the  4.5”  thick  Ti-6Al-6V-2Sn  billet  and  Figures 
3(a)  and  (b)  for  the  8”  thick  Ti-6Al-6V-2Sn  billet.  Specimens  were  removed  from  three 
planes  through  the  thickness  where  possible:  the  two  quarter  points  (t/4  and  3t/4)  and  the 
midplane  (t/2).  Throughout  this  report,  specimen  location  within  the  thickness  is 
designated  by  either  “A”  (t/4),  "B"  (t/2),  or  "C"  (3t/4).  For  short-transverse  (S  or  S-L) 
oriented  specimens,  the  location  was  determined  by  either  the  center  of  the  gage  length  or 
the  crack  plane. 


(a)  Sections  A,  C,  E,  G 


Fatigue  Crack 


Figure  2.  Specimen  location  layout  drawings  for  Ti-6Al-6V-2Sn  billet  (14824). 
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Fatigue  Tension 


(a)  Sections  A,  C,  E,  G 


Fatigue  Crack 


Fracture 

Toughness  (L-T) 


(b)  Sections  B,  D,  F,  H 


Figure  3.  Specimen  location  layout  drawings  for  Ti-6Al-6V-2Sn  billet  (14828). 


Test  specimens  were  machined  to  the  final  required  geometries  as  shown  in  Figures 
4  through  8.  All  of  the  geometries  were  in  accordance  with  the  applicable  test  method  (as 
described  in  the  next  section).  All  of  the  specimens  were  fabricated  using  the  same 
machine  shop  per  specimen  drawings  provided  by  AFRL/RXSCE,  in  order  to  minimize 
possibility  of  variability  due  to  specimen  machining.  Special  care  was  given  to  the 
traceability  of  the  specimen  back  to  a  general  location  within  the  billet.  Test  specimens 
were  given  a  unique  identification  that  would  allow  for  this  tracking. 
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Figure  4.  Geometry  of  tensile  test  specimen. 


4.225 


All  dimensions  in  inches. 


Figure  5.  Geometry  of  fatigue  test  specimen.  (Note:  gage  section  was  low-stress  ground  to  a 
final  surface  finish  of  8  Ra  and  then  hand-polished  longitudinally  to  remove  all 

circumferential  scratches.) 
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Figure  6.  Geometry  of  fatigue  crack  growth  rate  (a)  C(T)  and  (b)  ESE(T)  test  specimens. 
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All  dimensions  in  inches 


Figure  7.  Geometry  of  fracture  toughness  C(T)  test  specimen. 
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Figure  8.  Geometry  of  stress  corrosion  cracking  (SCC)  test  specimen. 


Test  Methods  -  The  test  methodologies  used  in  this  investigation  are  listed  in  Table 
1.  With  the  exception  of  stress  corrosion  cracking,  all  of  the  tests  were  performed  in 
accordance  with  applicable  ASTM  standards.  All  testing  was  performed  in  ambient 
laboratory  conditions  (approximately  72°F  and  50%  relative  humidity). 
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Table  1.  Test  Methodology 


Test 

ASTM  Method 

Tension  (Modulus) 

E  111-04  "Standard  Test  Method  for  Young’s  Modulus, 
Tangent  Modulus,  and  Chord  Modulus” 

Tension 

E  8/E  8M-08  "Standard  Test  Methods  for  Tension  Testing 
of  Metallic  Materials" 

Fatigue  (force-controlled) 

E  466-07  "Standard  Practice  for  Conducting  Force 
Controlled  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials" 

Fatigue  (strain-controlled) 

E606-04  "Standard  Practice  for  Strain-Controlled  Fatigue 
Testing" 

Fatigue  Crack  Growth  Rate 

E  647-08  "Standard  Test  Method  for  Measurement  of 
Fatigue  Crack  Growth  Rates" 

Fracture  Toughness 

E  399-08  "Standard  Test  Method  for  Linear-Elastic  Plane- 
Strain  Fracture  Toughness  Kic  of  Metallic  Materials" 

Stress  Corrosion  Cracking 

Similar  to  G  64-99  "Standard  Classification  of  Resistance 
to  Stress-Corrosion  Cracking  of  Heat-Treatable  Aluminum 
Alloys" 

Applied  stress  =  75%  of  specification  tensile  yield 
strength  /  40  days 

3.5%  NaCl  solution  -  alternate  immersion  (10  min  wet/50 
min  dry) 

Tension  (Modulus)  -  Prior  to  performing  full-range  tension  testing,  approximately 
10%  of  the  machined  tension  specimens  were  used  to  generate  modulus  data  using  the 
procedures  outlined  in  ASTM  Elll.  For  this  testing  the  specimens  were  loaded  to  a 
maximum  stress  below  the  proportional  limit,  so  as  to  remain  within  the  linear  region  of 
the  stress-strain  curve.  The  test  was  repeated  three  times  per  specimen,  with  the  specimen 
being  rotated  120°  between  test  runs.  Strain  was  measured  using  an  MTS  averaging 
extensometer  (B-l  classification)  with  a  one-inch  gage  length.  The  average  modulus  from 
the  three  runs  was  recorded  as  the  final  elastic  modulus. 

Tension  -  Tension  testing  was  performed  on  an  Instron  electro-mechanical  test 
machine  in  accordance  with  ASTM  E8.  Strain  was  measured  using  an  Instron  one-inch  gage 
length  extensometer.  The  extensometer  was  removed  from  the  specimen  prior  to  reaching 
ultimate  load  to  prevent  damage  to  the  instrument  during  specimen  breakage.  Elongation 
and  reduction  of  area  measurements  were  made  using  the  "fit-back"  method. 

Fatigue  (Force-controlled)  -  Axial  fatigue  testing  was  performed  under  force- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
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E466.  Stress  ratios  (R)  of  0.05  and  -1  were  used  in  this  investigation.  Replicate  specimens 
were  tested  at  four  applied  stress  levels  for  each  of  the  stress  ratios. 

Fatigue  ( Strain-controlled )  -  Axial  fatigue  testing  was  performed  under  strain- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
E606.  An  MTS  one-inch  gage  length  extensometer  was  used  for  strain  measurement.  The 
testing  frequency  used  was  1  Hz.  Strain  ratios  (R£  =  Smin/Smax)  of  0.05  and  -1  were  used  for 
these  specimens. 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  testing  was  performed  on  an 
MTS  servo-hydraulic  test  machine  per  ASTM  E647  using  computer  data  acquisition  and 
control  systems  developed  in-house.  Crack  length  was  measured  via  compliance 
techniques  with  standard  crack-opening-displacement  (COD)  gages.  Testing  was 
performed  under  K-control  (normalized  K-gradient,  C--2 )  until  a  near-threshold  growth 
rate  was  obtained,  at  which  point  the  test  was  then  run  under  constant  amplitude  (constant 
load)  conditions  for  the  remainder  of  the  test.  Initial  and  final  crack  lengths  were 
measured  optically  for  use  in  post-test  crack  correlation  calculations.  A  test  frequency  of 
25  Hz  was  used  throughout  the  test,  with  humidity  maintained  at  50%  ±10%  for  the 
duration  of  the  test.  Specimens  were  tested  using  stress  ratios  (R)  of  0.1  and  0.7.  Two 
orientations  were  tested  for  this  program,  L-T  and  S-L,  where  the  first  letter  indicates  the 
loading  direction  and  the  second  letter  indicates  the  direction  of  crack  propagation.  The 
compact,  C(T),  specimen  geometry  was  utilized  for  the  S-L  orientation  specimens  extracted 
from  the  4.5”  thick  billet  material  (14824)  due  to  thickness  limitations  which  would 
prevent  the  eccentrically-loaded  single  edge  crack  tension,  ESE(T),  specimen  from  being 
used. 


Fracture  Toughness  -  Plane-strain  fracture  toughness  tests  were  performed  in 
accordance  with  ASTM  E399  on  a  Tinius-Olsen  electro-mechanical  test  machine.  Specimen 
precracking  was  performed  on  an  MTS  servo-hydraulic  test  machine.  Crack  length  was 
monitored  via  compliance  techniques  using  an  MTS  COD  gage  as  previously  described. 
Initial  and  final  crack  lengths  were  measured  optically  post-test. 

Stress  Corrosion  Cracking  -  The  theory  behind  this  testing  was  that  since  the  billet 
material  had  not  been  subject  to  final  hot  working,  the  microstructure  may  not  have  been 
fully  homogenized,  increasing  the  potential  for  localized  aluminum  segregation.  If  this 
were  to  occur,  aluminum-rich  areas  would  be  more  susceptible  to  the  effect  of  stress 
corrosion  cracking,  particularly  at  these  applied  stress  levels. 

For  this  investigation,  stress  corrosion  cracking  tests  were  therefore  performed  to 
obtain  pass/fail  results.  As  there  is  currently  no  ASTM  test  method  for  SCC  of  titanium 
alloys,  the  procedure  outlined  in  ASTM  G64  ("A"  level)  was  used.  This  procedure  was 
previously  adopted  for  use  within  AFRL/RXSCE  as  a  standard  SCC  test.  Specimens  were 
axially  loaded  (statically)  in  an  alternate  immersion,  3.5%  NaCl  solution  such  that  the 
specimens  were  submerged  in  the  solution  for  10  minutes  and  then  allowed  to  dry  for  the 
next  50  minutes  each  hour.  The  specimens  were  loaded  at  75%  of  the  specification  yield 
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strength  (for  plate  and  bar).  For  this  alloy,  the  applied  stress  was  101.3  ksi.  The  test 
duration  was  set  at  40  days.  To  pass  the  test,  no  specimen  could  fail  during  this  40  day 
loading  cycle;  failure  being  breakage  of  the  test  specimen  or  evidence  of  corrosion-related 
damage  (i.e  pitting). 


FACTUAL  DATA 

4.5"  Ti-6Al-6V-2Sn  Billet  (14824) 

Tension  -  The  results  of  tensile  testing  are  shown  in  Tables  2(a)  through  2(d). 
Strength  levels  for  a  portion  of  specimens  from  both  orientations  were  below  the 
specification  minimum  values  shown  in  AMS-T-9046  (plate)  and  AMS-T-9047  (l"-3"  bar) 
for  this  alloy.  Elastic  modulus  values  (based  on  E8  tensile  test  results)  were  generally 
below  the  range  expected  for  this  alloy,  particularly  for  specimens  in  the  S-orientation.  On 
average,  there  was  a  less  than  5%  difference  between  those  modulus  results  from  ASTM 
Elll  tests  and  those  obtained  from  the  E8  tensile  test  record.  In  addition,  there  did  not 
appear  to  be  a  difference  between  specimens  excised  from  the  three  different  thickness 
locations. 

Although  the  "reasonable  lower  bound"  for  the  alloy  will  be  calculated  and  identified 
in  a  future  report,  for  this  billet  a  preliminary  reasonable  lower  bound  was  calculated  using 
the  procedures  described  in  MMPDS  Section  9.4.1  and  assuming  normality  in  the  data 
population.  The  equation  used  for  the  calculation  of  these  preliminary  values  (for  strength 
only)  was: 

Minimum  S  =  X  —  s  *  k ^ 

where 

X  =  sample  mean 

s  =  standard  deviation 

kgg  =  one-sided  tolerance-limit  factor  corresponding  to  a  proportion  at  least  0.99  of  a  normal 

distribution  and  a  confidence  coefficient  of  0.95  based  on  the  number  of  specimens  in  the  given 
population.  For  this  billet,  a  kgg  factor  of  2.57  was  used,  representing  a  population  size  of  196. 

It  should  be  noted  that  the  AMS-T-9046  specification  does  not  list  minimum 
properties  for  the  short-transverse  orientation.  Due  to  information  indicating  that  non 
conforming  materials  have  been  cut-down  from  billet  and  purported  as  plate  or  bar,  the 
expected  orientation  system  may  not  have  been  known  during  component  fabrication. 
Therefore,  the  results  from  the  two  orientations  tested  have  been  grouped  together  in 
order  to  provide  reasonable  lower  bound  properties.  These  preliminary  reasonable  lower 
bound  properties  are  shown  in  Table  3.  For  modulus,  elongation,  and  reduction  of  area,  the 
minimum  value  from  the  data  has  been  used  as  the  preliminary  reasonable  lower  bound. 
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Table  2.  Ti-6Al-6V-2Sn  billet  (14824)  tensile  test  results. 


(a)  Longitudinal  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 
of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14824A-T-L-1-A 

L 

t/4 

138.9 

146.5 

17.8% 

38.2% 

16.2 

15.6 

L-2-A 

L 

t/4 

138.1 

146.0 

18.5% 

42.5% 

16.4 

15.6 

L-3-A 

L 

t/4 

137.5 

145.4 

16.5% 

35.1% 

15.6 

L-4-A 

L 

t/4 

136.4 

144.9 

18.5% 

40.3% 

15.7 

L-5-A 

L 

t/4 

136.5 

144.6 

16.7% 

36.6% 

16.0 

L-6-A 

L 

t/4 

136.0 

144.4 

16.8% 

36.7% 

15.9 

L-7-A 

L 

t/4 

135.1 

143.9 

14.1% 

25.0% 

15.7 

L-8-A 

L 

t/4 

134.1 

145.4 

16.7% 

34.5% 

15.7 

L-9-A 

L 

t/4 

133.0 

144.7 

16.4% 

37.1% 

15.7 

L-IO-A 

L 

t/4 

132.6 

143.9 

15.6% 

32.9% 

15.5 

L-ll-A 

L 

t/4 

132.4 

143.8 

16.6% 

34.4% 

15.4 

L-12-A 

L 

t/4 

134.1 

144.2 

17.0% 

32.9% 

15.8 

L-13-A 

L 

t/4 

135.1 

144.7 

19.2% 

34.2% 

15.6 

14824C-T-L-14-A 

L 

t/4 

140.2 

147.6 

18.5% 

39.0% 

16.2 

15.5 

L-15-A 

L 

t/4 

138.7 

146.0 

18.0% 

39.2% 

16.3 

15.1 

L-16-A 

L 

t/4 

137.9 

146.3 

11.6% 

36.8% 

15.9 

L-17-A 

L 

t/4 

137.4 

145.4 

17.5% 

36.5% 

15.6 

L-18-A 

L 

t/4 

136.5 

144.8 

16.8% 

35.2% 

16.0 

L-19-A 

L 

t/4 

135.8 

144.3 

18.2% 

35.6% 

15.6 

L-20-A 

L 

t/4 

135.0 

143.5 

16.2% 

33.5% 

15.8 

L-21-A 

L 

t/4 

134.8 

143.1 

16.5% 

33.7% 

15.6 

L-22-A 

L 

t/4 

134.6 

142.6 

16.8% 

33.7% 

15.8 

L-23-A 

L 

t/4 

134.5 

142.9 

16.3% 

33.7% 

15.5 

L-24-A 

L 

t/4 

134.4 

143.6 

18.6% 

37.3% 

15.7 

L-25-A 

L 

t/4 

134.4 

143.6 

18.4% 

33.0% 

16.0 

L-26-A 

L 

t/4 

134.7 

143.7 

18.8% 

33.7% 

15.4 
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14824E-T-L-27-A 

L 

t/4 

137.7 

145.0 

19.2% 

41.9% 

16.1 

15.7 

L-28-A 

L 

t/4 

136.4 

144.2 

18.5% 

33.4% 

16.1 

15.5 

L-29-A 

L 

t/4 

135.6 

143.7 

17.9% 

34.4% 

15.6 

L-30-A 

L 

t/4 

135.2 

142.6 

16.2% 

37.1% 

15.3 

L-31-A 

L 

t/4 

134.6 

142.0 

16.2% 

33.9% 

15.8 

L-32-A 

L 

t/4 

133.4 

141.1 

15.7% 

32.6% 

15.5 

L-33-A 

L 

t/4 

133.8 

141.7 

17.4% 

36.5% 

15.7 

L-34-A 

L 

t/4 

134.0 

141.9 

14.8% 

31.7% 

15.4 

L-35-A 

L 

t/4 

133.1 

140.9 

17.2% 

32.4% 

15.3 

L-36-A 

L 

t/4 

133.8 

141.9 

18.8% 

31.9% 

15.9 

L-37-A 

L 

t/4 

134.4 

142.2 

17.2% 

34.9% 

15.7 

L-38-A 

L 

t/4 

133.2 

140.7 

15.7% 

35.9% 

15.6 

L-39-A 

L 

t/4 

134.5 

141.8 

16.0% 

34.4% 

15.6 

14824G-T-L-40-A 

L 

t/4 

141.5 

148.7 

18.0% 

42.0% 

16.1 

15.4 

L-41-A 

L 

t/4 

138.5 

145.5 

17.6% 

40.2% 

16.0 

15.1 

L-42-A 

L 

t/4 

137.7 

144.5 

20.0% 

39.4% 

15.1 

L-43-A 

L 

t/4 

137.4 

145.2 

17.8% 

34.9% 

15.6 

L-44-A 

L 

t/4 

136.3 

143.8 

18.6% 

34.1% 

15.1 

L-45-A 

L 

t/4 

136.1 

144.0 

18.0% 

41.0% 

15.8 

L-46-A 

L 

t/4 

135.7 

143.7 

18.1% 

36.1% 

15.4 

L-47-A 

L 

t/4 

137.2 

144.6 

18.1% 

37.5% 

15.3 

L-48-A 

L 

t/4 

136.1 

143.9 

15.6% 

32.2% 

16.0 

L-49-A 

L 

t/4 

136.2 

144.7 

18.5% 

27.5% 

15.5 

L-50-A 

L 

t/4 

136.6 

144.5 

17.9% 

32.5% 

15.6 

L-51-A 

L 

t/4 

135.7 

144.2 

18.1% 

35.0% 

15.2 

L-52-A 

L 

t/4 

136.2 

144.4 

14.9% 

23.1% 

15.4 

AM5-T-9046 

135 

145 

8% 

16.03 

AMS-T-9047 

(l"-3") 

131 

143 

10% 

20% 

AMS-T-9047 
<3"-4 ") 

129 

137 

10% 

20% 

(a):  Typical  value  per  MMPDS-04 
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(b)  Longitudinal  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14824A-T-L-1-B 

L 

t/2 

138.4 

146.9 

17.4% 

41.7% 

16.3 

15.8 

L-2-B 

L 

t/2 

137.4 

146.1 

17.7% 

40.3% 

16.4 

15.8 

L-3-B 

L 

t/2 

136.9 

145.9 

19.0% 

38.1% 

15.5 

L-4-B 

L 

t/2 

135.3 

143.9 

13.7% 

30.3% 

15.5 

L-5-B 

L 

t/2 

134.7 

143.2 

17.1% 

38.4% 

15.1 

L-6-B 

L 

t/2 

134.6 

142.8 

17.4% 

37.7% 

15.3 

L-7-B 

L 

t/2 

134.1 

142.5 

17.8% 

32.8% 

15.1 

L-8-B 

L 

t/2 

135.3 

143.2 

16.8% 

34.4% 

15.8 

L-9-B 

L 

t/2 

134.0 

141.6 

16.8% 

34.9% 

15.3 

L-10-B 

L 

t/2 

135.0 

142.5 

16.3% 

29.2% 

15.7 

L-ll-B 

L 

t/2 

135.1 

142.5 

16.9% 

32.4% 

15.9 

L-12-B 

L 

t/2 

135.9 

144.5 

16.8% 

31.2% 

15.8 

L-13-B 

L 

t/2 

134.9 

142.8 

16.1% 

37.5% 

15.5 

14824C-T-L-14-B 

L 

t/2 

138.8 

147.4 

19.8% 

35.6% 

16.6 

15.8 

L-15-B 

L 

t/2 

137.3 

146.0 

17.1% 

34.3% 

16.6 

15.5 

L-16-B 

L 

t/2 

137.8 

146.5 

16.0% 

28.4% 

15.9 

L-17-B 

L 

t/2 

133.4 

141.6 

17.0% 

40.0% 

15.7 

L-18-B 

L 

t/2 

135.0 

143.6 

15.6% 

26.3% 

15.8 

L-19-B 

L 

t/2 

134.4 

142.5 

17.9% 

33.2% 

15.7 

L-20-B 

L 

t/2 

135.8 

144.4 

16.9% 

33.5% 

15.9 

L-21-B 

L 

t/2 

134.9 

143.0 

17.0% 

31.6% 

15.8 

L-22-B 

L 

t/2 

134.1 

141.9 

16.7% 

35.0% 

15.7 

L-23-B 

L 

t/2 

134.4 

141.9 

16.0% 

34.4% 

15.7 

L-24-B 

L 

t/2 

134.7 

142.1 

16.2% 

36.2% 

15.6 

L-25-B 

L 

t/2 

134.6 

143.0 

17.7% 

30.7% 

15.6 

L-26-B 

L 

t/2 

133.6 

141.6 

18.9% 

26.8% 

15.7 
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14824E-T-L-27-B 

L 

t/2 

137.6 

145.8 

16.9% 

36.9% 

16.1 

15.7 

L-28-B 

L 

t/2 

135.9 

144.7 

17.5% 

37.7% 

16.2 

15.7 

L-29-B 

L 

t/2 

135.5 

144.4 

17.3% 

32.1% 

15.8 

L-30-B 

L 

t/2 

133.8 

142.7 

16.2% 

32.3% 

15.4 

L-31-B 

L 

t/2 

133.6 

142.5 

18.4% 

36.6% 

15.7 

L-32-B 

L 

t/2 

133.5 

141.7 

17.5% 

31.7% 

16.0 

L-33-B 

L 

t/2 

133.7 

142.1 

16.1% 

33.1% 

15.2 

L-34-B 

L 

t/2 

133.8 

142.1 

16.4% 

37.4% 

15.1 

L-35-B 

L 

t/2 

134.1 

142.4 

17.3% 

35.8% 

15.0 

L-36-B 

L 

t/2 

134.0 

142.2 

15.4% 

33.8% 

16.0 

L-37-B 

L 

t/2 

133.6 

141.4 

15.1% 

30.1% 

15.7 

L-38-B 

L 

t/2 

133.2 

141.2 

17.4% 

25.5% 

15.8 

L-39-B 

L 

t/2 

133.0 

141.0 

21.1% 

35.7% 

15.7 

14824G-T-L-40-B 

L 

t/2 

139.8 

147.7 

18.1% 

44.1% 

16.1 

15.7 

L-41-B 

L 

t/2 

137.1 

145.8 

18.6% 

39.7% 

16.1 

15.6 

L-42-B 

L 

t/2 

135.8 

143.7 

15.8% 

32.8% 

15.4 

L-43-B 

L 

t/2 

135.7 

143.3 

15.1% 

37.1% 

15.7 

L-44-B 

L 

t/2 

134.2 

141.9 

18.9% 

34.3% 

15.5 

L-45-B 

L 

t/2 

134.8 

143.2 

17.6% 

34.5% 

15.7 

L-46-B 

L 

t/2 

134.5 

143.0 

17.4% 

34.3% 

15.4 

L-47-B 

L 

t/2 

134.7 

141.9 

15.7% 

34.6% 

15.7 

L-48-B 

L 

t/2 

134.0 

141.5 

16.5% 

36.3% 

15.7 

L-49-B 

L 

t/2 

134.7 

142.8 

18.1% 

33.6% 

15.6 

L-50-B 

L 

t/2 

133.8 

141.0 

17.9% 

36.7% 

15.3 

L-51-B 

L 

t/2 

134.5 

142.1 

14.8% 

26.5% 

16.0 

L-52-B 

L 

t/2 

132.7 

140.1 

18.1% 

34.3% 

14.8 

AM5-T-9046 

135 

145 

8% 

16.03 

AMS-T-9047 

(l"-3") 

131 

143 

10% 

20% 

AMS-T-9047 

<3"-4") 

129 

137 

10% 

20% 

(a):  Typical  value  per  MMPDS-04 
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(c)  Longitudinal  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14824A-T-L-1-C 

L 

3t/4 

139.9 

147.8 

18.1% 

39.3% 

16.3 

15.6 

L-2-C 

L 

3t/4 

139.1 

147.0 

19.3% 

41.2% 

16.5 

15.8 

L-3-C 

L 

3t/4 

138.2 

146.6 

18.6% 

32.1% 

15.5 

L-4-C 

L 

3t/4 

136.7 

145.0 

18.1% 

32.9% 

15.8 

L-5-C 

L 

3t/4 

136.4 

144.5 

15.7% 

39.1% 

15.9 

L-6-C 

L 

3t/4 

136.4 

144.8 

13.7% 

24.0% 

16.1 

L-7-C 

L 

3t/4 

136.6 

144.7 

15.7% 

35.9% 

15.9 

L-8-C 

L 

3t/4 

136.2 

145.2 

15.8% 

34.0% 

15.7 

L-9-C 

L 

3t/4 

136.0 

144.7 

16.9% 

34.8% 

15.4 

L-10-C 

L 

3t/4 

135.6 

145.4 

15.7% 

30.5% 

15.1 

L-ll-C 

L 

3t/4 

135.1 

145.2 

15.0% 

27.7% 

15.2 

L-12-C 

L 

3t/4 

135.1 

145.2 

15.7% 

34.6% 

15.1 

L-13-C 

L 

3t/4 

134.7 

145.0 

15.9% 

34.8% 

15.0 

14824C-T-L-14-C 

L 

3t/4 

141.0 

148.2 

17.9% 

36.6% 

16.1 

15.8 

L-15-C 

L 

3t/4 

139.4 

146.8 

14.6% 

33.9% 

16.5 

15.5 

L-16-C 

L 

3t/4 

138.2 

145.8 

16.4% 

38.6% 

16.0 

L-17-C 

L 

3t/4 

137.9 

145.7 

16.8% 

33.7% 

16.0 

L-18-C 

L 

3t/4 

136.0 

144.5 

16.4% 

28.4% 

15.8 

L-19-C 

L 

3t/4 

136.1 

144.8 

14.2% 

35.3% 

15.7 

L-20-C 

L 

3t/4 

135.1 

143.4 

16.0% 

38.6% 

15.5 

L-21-C 

L 

3t/4 

136.6 

145.0 

19.2% 

38.3% 

15.5 

L-22-C 

L 

3t/4 

136.3 

145.2 

17.1% 

34.4% 

15.4 

L-23-C 

L 

3t/4 

135.6 

144.4 

16.6% 

38.5% 

15.8 

L-24-C 

L 

3t/4 

135.1 

144.3 

18.7% 

36.4% 

15.2 

L-25-C 

L 

3t/4 

134.9 

144.1 

18.2% 

35.1% 

15.4 

L-26-C 

L 

3t/4 

134.6 

144.0 

18.1% 

37.5% 

15.6 
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14824E-T-L-27-C 

L 

3t/4 

138.1 

145.3 

17.0% 

34.9% 

16.1 

15.3 

L-28-C 

L 

3t/4 

135.5 

143.8 

19.2% 

42.5% 

16.1 

15.1 

L-29-C 

L 

3t/4 

136.1 

144.3 

17.7% 

38.2% 

15.8 

L-30-C 

L 

3t/4 

133.5 

141.7 

16.9% 

35.3% 

15.5 

L-31-C 

L 

3t/4 

133.0 

140.8 

16.8% 

36.4% 

15.5 

L-32-C 

L 

3t/4 

133.0 

141.3 

16.2% 

31.6% 

15.6 

L-33-C 

L 

3t/4 

134.5 

142.5 

16.2% 

34.3% 

15.9 

L-34-C 

L 

3t/4 

134.3 

142.9 

18.7% 

34.7% 

15.6 

L-35-C 

L 

3t/4 

134.9 

142.3 

13.3% 

32.2% 

15.6 

L-36-C 

L 

3t/4 

133.4 

141.4 

15.7% 

35.3% 

15.8 

L-37-C 

L 

3t/4 

133.3 

141.4 

16.6% 

35.2% 

15.7 

L-38-C 

L 

3t/4 

142.2 

17.4% 

33.9% 

15.6 

L-39-C 

L 

3t/4 

133.0 

140.3 

15.5% 

36.0% 

15.8 

14824G-T-L-40-C 

L 

3t/4 

140.1 

147.5 

17.5% 

43.1% 

16.0 

15.2 

L-41-C 

L 

3t/4 

138.5 

146.3 

17.4% 

34.8% 

16.1 

15.5 

L-42-C 

L 

3t/4 

137.2 

144.8 

16.6% 

34.7% 

15.6 

L-43-C 

L 

3t/4 

136.6 

144.4 

18.5% 

33.6% 

15.8 

L-44-C 

L 

3t/4 

135.7 

143.6 

17.5% 

35.0% 

14.9 

L-45-C 

L 

3t/4 

134.8 

143.4 

13.7% 

28.0% 

15.6 

L-46-C 

L 

3t/4 

135.2 

143.7 

16.3% 

32.7% 

15.5 

L-47-C 

L 

3t/4 

135.9 

144.2 

18.7% 

37.7% 

15.9 

L-48-C 

L 

3t/4 

136.4 

144.1 

15.3% 

30.3% 

15.4 

L-49-C 

L 

3t/4 

135.6 

144.3 

18.1% 

34.8% 

15.8 

L-50-C 

L 

3t/4 

135.6 

144.5 

21.0% 

32.7% 

15.8 

L-51-C 

L 

3t/4 

134.4 

143.2 

16.9% 

34.0% 

15.4 

L-52-C 

L 

3t/4 

135.1 

143.8 

18.4% 

34.7% 

15.2 

AM5-T-9046 

135 

145 

8% 

16.03 

AMS-T-9047 

(l"-3") 

131 

143 

10% 

20% 

AMS-T-9047 
<3"-4 ") 

129 

137 

10% 

20% 

(a):  Typical  value  per  MMPDS-04 
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(d)  Short-transverse  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14824A-T-S-1-B 

S 

t/2 

135.9 

144.6 

12.4% 

24.8% 

15.6 

15.2 

S-2-B 

S 

t/2 

135.3 

144.1 

14.2% 

31.4% 

15.6 

14.9 

S-3-B 

s 

t/2 

135.1 

143.9 

12.8% 

23.9% 

14.8 

S-4-B 

s 

t/2 

135.0 

143.3 

12.9% 

28.4% 

14.8 

S-5-B 

s 

t/2 

135.4 

144.2 

11.7% 

20.9% 

15.2 

S-6-B 

s 

t/2 

135.1 

142.9 

12.3% 

26.1% 

15.0 

S-7-B 

s 

t/2 

135.1 

142.4 

15.2% 

21.2% 

14.7 

S-8-B 

s 

t/2 

135.1 

143.0 

12.5% 

23.6% 

14.9 

S-9-B 

s 

t/2 

135.1 

141.7 

13.3% 

28.2% 

15.1 

S-10-B 

s 

t/2 

135.4 

142.3 

14.1% 

24.1% 

15.0 

14824C-T-S-11-B 

s 

t/2 

134.3 

142.3 

13.6% 

24.0% 

15.8 

14.2 

S-12-B 

s 

t/2 

135.5 

143.9 

14.8% 

25.1% 

15.9 

14.7 

S-13-B 

s 

t/2 

134.6 

143.8 

11.6% 

19.9% 

15.1 

S-14-B 

s 

t/2 

134.4 

144.6 

13.6% 

20.5% 

14.6 

S-15-B 

s 

t/2 

135.0 

144.1 

13.0% 

25.6% 

14.8 

S-16-B 

s 

t/2 

133.7 

142.7 

11.1% 

19.5% 

14.8 

S-17-B 

s 

t/2 

135.5 

143.5 

13.2% 

23.2% 

15.0 

S-18-B 

s 

t/2 

135.3 

142.8 

10.1% 

19.4% 

15.1 

S-19-B 

s 

t/2 

135.8 

143.0 

12.7% 

20.3% 

14.8 

S-20-B 

s 

t/2 

135.8 

143.4 

12.6% 

18.6% 

14.5 

14824E-T-S-21-B 

s 

t/2 

135.1 

143.4 

12.7% 

25.1% 

15.9 

15.0 

S-22-B 

s 

t/2 

134.5 

143.3 

13.3% 

22.7% 

15.8 

14.8 

S-23-B 

s 

t/2 

135.7 

143.7 

12.8% 

27.1% 

15.0 

S-24-B 

s 

t/2 

136.3 

144.3 

13.9% 

27.9% 

15.6 

S-25-B 

s 

t/2 

135.1 

143.5 

13.2% 

23.3% 

15.7 

S-26-B 

s 

t/2 

135.1 

143.9 

12.1% 

22.4% 

14.8 

S-27-B 

s 

t/2 

134.8 

142.9 

13.5% 

22.8% 

15.4 

S-28-B 

s 

t/2 

134.2 

142.4 

13.2% 

24.3% 

15.0 

S-29-B 

s 

t/2 

135.2 

143.6 

13.7% 

24.1% 

14.9 

S-30-B 

s 

t/2 

134.1 

142.5 

13.8% 

26.9% 

15.0 

214 

Approved  for  public  release;  distribution  unlimited. 


14824G-T-S-31-B 

S 

t/2 

134.8 

143.2 

13.0% 

22.4% 

15.7 

14.9 

S-32-B 

S 

t/2 

135.1 

143.7 

13.1% 

22.5% 

15.8 

15.3 

S-33-B 

S 

t/2 

135.5 

143.6 

11.1% 

20.5% 

15.0 

S-34-B 

S 

t/2 

136.2 

144.5 

13.1% 

19.5% 

15.3 

S-35-B 

S 

t/2 

134.7 

142.9 

11.7% 

22.2% 

14.8 

S-36-B 

S 

t/2 

135.7 

144.3 

13.7% 

23.9% 

14.8 

S-37-B 

S 

t/2 

135.8 

144.6 

12.5% 

22.6% 

14.7 

S-38-B 

S 

t/2 

133.8 

141.7 

11.2% 

21.7% 

14.8 

S-39-B 

S 

t/2 

135.3 

143.6 

13.7% 

26.8% 

15.1 

S-40-B 

S 

t/2 

135.0 

142.7 

13.8% 

23.0% 

14.8 

AM5-T-9046 

(L-orientation) 

135 

145 

8% 

16.0a 

AMS-T-9047 
<l"-3 ") 

131 

143 

10% 

20% 

AMS-T-9047 

(3"-4"j 

129 

137 

8% 

15% 

(a):  Typical  value  per  MMPDS-04 


Table  3.  Preliminary  reasonable  lower  bound  tensile  properties  for  Ti-6Al-6V-2Sn  billet 

(14824). 


Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus 

(msi) 

131 

139 

10% 

19% 

14.2 

Fatigue  (force-controlled!  -  The  results  of  force-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  9.  Individual  results  are  tabulated  in  Table  4.  In  Fig.  9,  the 
results  for  each  stress  ratio  (R)  have  been  fit  with  a  best-fit  power-law  curve  for  graphical 
purposes  only.  Also  included  in  this  figure  are  curves  based  on  an  equivalent  stress 
equation  from  MMPDS  Figure  5.4.2.1.8(a).  As  stated  in  Fig.  4,  the  fatigue  specimens  used 
herein  were  manufactured  using  low-stress  grinding  operations  to  a  surface  finish  (Ra)  of  8 
per  the  ASTM  E466  standard.  The  MMPDS  reference  data  curves  were  generated  using 
specimens  having  a  surface  roughness  of  32  RMS.  Although  the  specimens  used  in  this 
effort  had  a  smoother  surface  finish  than  those  used  in  the  reference  data,  and  a  longer  life 
would  typically  be  expected,  it  is  not  known  whether  low-stress  grinding  was  used  on  the 
reference  specimens.  This  aspect,  along  with  the  fact  that  the  material  from  which  the 
referenced  specimens  were  extracted  exhibited  higher  tensile  strength  than  the  billet 
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Max  Stress  (ksi) 


material  tested  in  this  program,  could  potentially  have  contributed  to  the  difference 
between  the  data  sets. 


140 


120 


100 


80 


60 


\ 

:  » 

Ti-6AI-6V-2Sn  Fatigue 

•  Billet  14824,  L,R  =  0.05 

Billet  14824,  S,  R  =  0.05 

▲  Billet  14824,  L,  R  =  -1 

▼  Billet  14824,  S,  R  =  -1 

MMPDS  Reference 
(32  Ra.  R  =  0.05) 

1 1 

V _ 

MMPDS  Reference 
(32  Ra,  R  =  -1) 

X 

a 

\ 

\  • 

\ 

\ 

«•  • 

\ 

T  4 

AA  ▼ 

▼ 

▼  A  ▼  1 

\  ▼! 

h 

- 1 — 1  1  1 1  III 

- 1 — 1  1  1 1  III 

- 1 - 1  1  1  1  III 

- 1 - 1  1  1  1  III 

- 1 — 1  1  1  1  III 

103 


104 


105  106 

Cycles  to  failure,  N 


107 


108 


Figure  9.  Ti-6Al-6V-2Sn  billet  (14824)  force-controlled  axial  fatigue  test  results. 
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Table  4.  Ti-6Al-6V-2Sn  billet  (14824)  force-controlled  axial  fatigue  test  results. 


(a)  R  =  0.05 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

14824G-F-L-23-A 

t/4 

L 

130 

0.05 

49,960 

14824G-F-L-24-B 

t/2 

L 

130 

0.05 

45,560 

14824A-F-L-6-B 

t/2 

L 

130 

0.05 

46,310 

14824G-F-L-24-C 

3t/4 

L 

130 

0.05 

63,310 

14824C-F-L-11-A 

t/4 

L 

105 

0.05 

571,360 

14824C-F-L-12-A 

t/4 

L 

105 

0.05 

458,750 

14824G-F-L-23-B 

t/2 

L 

105 

0.05 

412,460 

14824G-F-L-23-C 

3t/4 

L 

105 

0.05 

380,140 

14824A-F-L-6-A 

t/4 

L 

95 

0.05 

722,170 

14824C-F-L-12-B 

t/2 

L 

95 

0.05 

759,790 

14824A-F-L-5-B 

t/2 

L 

95 

0.05 

1,510,660 

14824A-F-L-6-C 

3t/4 

L 

95 

0.05 

638,540 

14824A-F-L-5-A 

t/4 

L 

85 

0.05 

2,318,580 

14824C-F-L-11-B 

t/2 

L 

85 

0.05 

4,234,190 

14824C-F-L-12-C 

3t/4 

L 

85 

0.05 

1,800,530 

14824A-F-L-5-C 

3t/4 

L 

85 

0.05 

5,747,450 

14824G-F-S-62-B 

t/2 

S 

130 

0.05 

44,520 

14824C-F-S-30-B 

t/2 

S 

130 

0.05 

45,290 

14824A-F-S-13-B 

t/2 

S 

130 

0.05 

51,720 

14824G-F-S-61-B 

t/2 

S 

130 

0.05 

55,290 

14824A-F-S-15-B 

t/2 

S 

105 

0.05 

656,190 

14824A-F-S-14-B 

t/2 

S 

105 

0.05 

494,000 

14824C-F-5-31-B 

t/2 

S 

105 

0.05 

41,630 

14824A-F-S-16-B 

t/2 

S 

105 

0.05 

375,630 

14824G-F-S-64-B 

t/2 

S 

95 

0.05 

803,510 

14824C-F-S-32-B 

t/2 

S 

95 

0.05 

592,680 

14824E-F-S-48-B 

t/2 

S 

95 

0.05 

507,230 

14824E-F-S-45-B 

t/2 

S 

95 

0.05 

828,590 

14824C-F-S-29-B 

t/2 

S 

85 

0.05 

1,242,760 

14824G-F-5-63-B 

t/2 

S 

85 

0.05 

3,140,860 

14824E-F-S-46-B 

t/2 

S 

85 

0.05 

1,309,470 

14824E-F-S-47-B 

t/2 

S 

85 

0.05 

1,083,620 
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(b)  R  =  -1 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

14824-F-L-l-B 

t/2 

L 

100 

-1 

13,472 

14824-F-L-7-B 

t/2 

L 

100 

-1 

12,908 

14824-F-L-13-B 

t/2 

L 

100 

-1 

15,715 

14824-F-L-19-C 

3t/4 

L 

100 

-1 

12,848 

14824-F-L-2-A 

t/4 

L 

80 

-1 

44,660 

14824-F-L-8-A 

t/4 

L 

80 

-1 

647,083 

14824-F-L-14-A 

t/4 

L 

80 

-1 

43,194 

14824-F-L-20-C 

3t/4 

L 

80 

-1 

62,630 

14824-F-L-4-A 

t/4 

L 

72.5 

-1 

10,000,000  * 

14824-F-L-10-A 

t/4 

L 

72.5 

-1 

3,524,291 

14824-F-L-16-B 

t/2 

L 

72.5 

-1 

258,479 

14824-F-L-22-B 

t/2 

L 

72.5 

-1 

303,350 

14824-F-L-3-C 

3t/4 

L 

65 

-1 

10,000,000  * 

14824-F-L-9-C 

3t/4 

L 

65 

-1 

10,000,000  * 

14824-F-L-21-C 

3t/4 

L 

65 

-1 

10,000,000  * 

14824-F-S-3-B 

t/2 

S 

100 

-1 

11,054 

14824-F-S-19-B 

t/2 

S 

100 

-1 

8,802 

14824-F-S-35-B 

t/2 

S 

100 

-1 

10,514 

14824- F-S-51-B 

t/2 

S 

100 

-1 

10,177 

14824-F-S-6-B 

t/2 

S 

80 

-1 

28,051 

14824-F-S-22-B 

t/2 

S 

80 

-1 

173,807 

14824-F-S-38-B 

t/2 

S 

80 

-1 

30,723 

14824-F-S-54-B 

t/2 

S 

80 

-1 

44,031 

14824-F-S-12-B 

t/2 

S 

72.5 

-1 

515,879 

14824-F-S-28-B 

t/2 

S 

72.5 

-1 

10,000,000  * 

14824-F-S-44-B 

t/2 

S 

72.5 

-1 

1,988,113 

14824-F-S-60-B 

t/2 

S 

72.5 

-1 

5,951,147 

14824-F-S-9-B 

t/2 

S 

65 

-1 

8,056,352 

14824-F-S-25-B 

t/2 

S 

65 

-1 

10,000,000  * 

14824-F-S-41-B 

t/2 

S 

65 

-1 

7,756,287 

14824-F-S-57-B 

t/2 

S 

65 

-1 

467,916 

*  :  indicates  runout 
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Strain  range  (in/in) 


Fatigue  ( strain-controlled 1  -  The  results  of  strain-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  10,  with  individual  results  tabulated  in  Table  5. 


Figure  10.  Ti-6Al-6V-2Sn  billet  (14824)  strain-controlled  axial  fatigue  test  results. 
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Table  5.  Ti-6Al-6V-2Sn  billet  (14824)  strain-controlled  axial  fatigue  test  results. 


(a)  R£  =  0.05 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Rs 

Cycles  to  Failure 

14824E-F-L-16-A 

t/4 

L 

0.0171 

0.05 

1,697 

14824A-F-L-4-C 

3t/4 

L 

0.0171 

0.05 

1,700 

14824C-F-L-10-C 

3 1/4 

L 

0.0171 

0.05 

2,071 

14824G-F-L-22-C 

3 1/4 

L 

0.0171 

0.05 

2,028 

14824G-F-L-20-A 

t/4 

L 

0.0150 

0.05 

3,090 

14824A-F-L-2-B 

t/2 

L 

0.0150 

0.05 

2,394 

14824C-F-L-8-B 

t/2 

L 

0.0150 

0.05 

2,952 

14824E-F-L-13-C 

3 1/4 

L 

0.0150 

0.05 

2,975 

14824A-F-L-3-A 

t/4 

L 

0.0119 

0.05 

6,625 

14824C-F-L-9-A 

t/4 

L 

0.0119 

0.05 

7,597 

14824G-F-L-22-A 

t/4 

L 

0.0119 

0.05 

6,643 

14824E-F-L-14-B 

t/2 

L 

0.0119 

0.05 

6,398 

14824G-F-L-20-B 

t/2 

L 

0.0119 

0.05 

7,404 

14824A-F-L-3-B 

t/2 

L 

0.0083 

0.05 

22,178 

14824C-F-L-9-B 

t/2 

L 

0.0083 

0.05 

43,500 

14824E-F-L-14-C 

3 1/4 

L 

0.0083 

0.05 

24,521 

14824A-F-S-11-B 

t/2 

S 

0.0171 

0.05 

1,100 

14824C-F-S-27-B 

t/2 

S 

0.0171 

0.05 

1,206 

14824F-F-S-43-B 

t/2 

S 

0.0171 

0.05 

1,187 

14824G-F-S-59-B 

t/2 

S 

0.0171 

0.05 

974 

14824A-F-S-2-B 

t/2 

S 

0.0150 

0.05 

1,586 

14824C-F-S-18-B 

t/2 

S 

0.0150 

0.05 

2,402 

14824E-F-S-34-B 

t/2 

S 

0.0150 

0.05 

1,988 

14824G-F-S-50-B 

t/2 

S 

0.0150 

0.05 

1,800 

14824A-F-S-5-B 

t/2 

S 

0.0119 

0.05 

6,254 

14824C-F-S-21-B 

t/2 

S 

0.0119 

0.05 

5,900 

14824E-F-S-37-B 

t/2 

S 

0.0119 

0.05 

8,408 

14824G-F-S-53-B 

t/2 

S 

0.0119 

0.05 

6,660 

14824A-F-S-8-B 

t/2 

S 

0.0083 

0.05 

27,157 

14824C-F-S-24-B 

t/2 

S 

0.0083 

0.05 

19,525 

14824F-F-S-40-B 

t/2 

S 

0.0083 

0.05 

21,687 

14824G-F-S-56-B 

t/2 

S 

0.0083 

0.05 

48,994 

220 

Approved  for  public  release;  distribution  unlimited. 


(b)  Re  =  -1 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Re 

Cycles  to  Failure 

14824C-F-L-10-B 

t/2 

L 

0.0201 

-1 

1,288 

14824E-F-L-16-C 

3t/4 

L 

0.0201 

-1 

1,185 

14824G-F-L-21-B 

t/2 

L 

0.0201 

-1 

970 

14824A-F-L-4-B 

t/2 

L 

0.0201 

-1 

1,188 

14824E-F-L-13-A 

t/4 

L 

0.0175 

-1 

2,141 

14824G-F-L-19-A 

t/4 

L 

0.0175 

-1 

1,848 

14824A-F-L-1-A 

t/4 

L 

0.0175 

-1 

1,817 

14824C-F-L-7-A 

t/4 

L 

0.0175 

-1 

2,033 

14824E-F-L-15-A 

t/4 

L 

0.0148 

-1 

3,309 

14824G-F-L-19-B 

t/2 

L 

0.0148 

-1 

4,667 

14824A-F-L-1-C 

3 1/4 

L 

0.0148 

-1 

3,444 

14824C-F-L-7-C 

3t/4 

L 

0.0148 

-1 

3,672 

14824E-F-L-15-B 

t/2 

L 

0.0110 

-1 

15,921 

14824G-F-L-21-A 

t/4 

L 

0.0110 

-1 

23,017 

14824A-F-L-2-C 

3 1/4 

L 

0.0110 

-1 

34,656 

14824C-F-L-8-C 

3t/4 

L 

0.0110 

-1 

25,101 

14824A-F-S-10-B 

t/2 

S 

0.0201 

-1 

562 

14824C-F-S-26-B 

t/2 

S 

0.0201 

-1 

572 

14824E-F-S-42-B 

t/2 

S 

0.0201 

-1 

744 

14824G-F-S-58-B 

t/2 

S 

0.0201 

-1 

724 

14824C-F-S-17-B 

t/2 

S 

0.0176 

-1 

1,354 

14824A-F-S-1-B 

t/2 

S 

0.0175 

-1 

984 

14824E-F-S-33-B 

t/2 

S 

0.0175 

-1 

1,535 

14824G-F-S-49-B 

t/2 

S 

0.0175 

-1 

857 

14824C-F-S-20-B 

t/2 

S 

0.0148 

-1 

3,218 

14824E-F-S-36-B 

t/2 

S 

0.0148 

-1 

2,133 

14824A-F-S-4-B 

t/2 

S 

0.0148 

-1 

3,704 

14824G-F-S-52-B 

t/2 

S 

0.0148 

-1 

3,418 

14824C-F-S-23-B 

t/2 

S 

0.0110 

-1 

19,318 

14824E-F-S-39-B 

t/2 

S 

0.0110 

-1 

27,989 

14824G-F-S-55-B 

t/2 

S 

0.0110 

-1 

20,768 

14824A-F-S-7-B 

t/2 

S 

0.0110 

-1 

18,042 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  test  result  summary  curves 
are  shown  in  Figures  11  and  12  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  Individual 
specimen  curves  are  located  in  Appendix  A  of  this  report. 
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Figure  11.  Ti-6Al-6V-2Sn  billet  (14824)  fatigue  crack  growth  rate  test  results  (R=0.1). 
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Figure  12.  Ti-6Al-6V-2Sn  billet  (14824)  fatigue  crack  growth  rate  test  results  (R=0.7). 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  are  shown  in  Table 
6.  For  this  investigation,  only  the  L-T  orientation  was  tested.  The  specimens  excised  from 
the  t/2  location  had  slightly  higher  fracture  toughness  than  those  specimens  taken  from 
the  t/4  or  3t/4  planes,  although  the  population  sizes  are  quite  limited. 

Also  shown  in  this  table  is  a  reference  value  the  Damage  Tolerant  Design  Handbook 
[2]  for  mill  annealed  billet.  The  pedigree  for  the  billet  material  shown  in  the  reference  is 
unknown  however. 


Table  6.  Ti-6Al-6V-2Sn  billet  (14824)  fracture  toughness  test  results. 


Thickness 

K,c 

Location 

(ksiVin) 

14824B-K-LT-1-A 

t/4 

80.0 

14824F-K-LT-3-A 

t/4 

81.9 

14824H-K-LT-4-A 

t/4 

81.1 

14824B-K-LT-1-B 

t/2 

84.0 

14824H-K-LT-4-B 

t/2 

87.9 

14824B-K-LT-1-C 

3t/4 

80.0 

14824D-K-LT-2-C 

3t/4 

84.0 

14824F-K-LT-3-C 

3t/4 

81.8 

14824H-K-LT-4-C 

3t/4 

Damage  Tolerant 
Design  Handbook 

52.3 

Table  6.18.1.1 

(Billet)  Mean 

Preliminary  reasonable  lower 
bound 


Stress  Corrosion  Cracking  -  Axial,  smooth  bar  stress  corrosion  cracking  tests  were 
performed  on  22  test  specimens,  representing  two  orientations  (L  and  S).  As  stated 
previously,  the  specimens  were  loaded  at  a  stress  of  101.3  ksi  (75%  of  the  specification 
yield  strength  of  135  ksi)  for  40  days  in  an  alternate  immersion  3.5%  NaCl  solution.  No 
failures  occurred  during  testing.  After  testing,  specimens  were  rinsed  in  deionized  water 
and  visually  inspected  for  evidence  of  corrosion  damage.  No  evidence  of  pitting  or  other 
corrosion-related  damage  was  indicated. 
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8"  Ti-6Al-6V-2Sn  Billet  (14828) 


Tension  -  The  results  of  tensile  testing  are  shown  in  Tables  7(a)  through  7(d). 
Strength  levels  for  a  portion  of  specimens  from  both  orientations  were  below  the 
specification  minimum  values  shown  in  AMS-T-9046  (plate)  and  AMS-T-9047  (l"-3"  bar) 
for  this  alloy.  Elastic  modulus  values  (based  on  E8  tensile  test  results)  were  generally 
below  the  range  expected  for  this  alloy.  On  average,  there  was  approximately  a  5% 
difference  between  those  modulus  results  from  ASTM  El  11  tests  and  those  obtained  from 
the  E8  tensile  test  record.  In  addition,  there  did  not  appear  to  be  a  difference  between 
specimens  excised  from  the  three  different  thickness  locations. 

Although  the  "reasonable  lower  bound"  for  the  alloy  will  be  calculated  and  identified 
in  a  future  report,  for  this  billet  a  preliminary  reasonable  lower  bound  was  calculated  using 
the  procedures  described  in  MMPDS  Section  9.4.1  and  assuming  normality  in  the  data 
population.  The  equation  used  for  the  calculation  of  these  preliminary  values  (for  strength 
only)  was: 

Minimum  S  =  X  —  s  * 

where 

X  =  sample  mean 

s  =  standard  deviation 

kgg  =  one-sided  tolerance-limit  factor  corresponding  to  a  proportion  at  least  0.99  of  a  normal 

distribution  and  a  confidence  coefficient  of  0.95  based  on  the  number  of  specimens  in  the  given 
population.  For  this  billet,  a  kgg  factor  of  2.58  was  used,  representing  a  population  size  of  192. 

It  should  be  noted  that  the  AMS-T-9046  specification  does  not  list  minimum 
properties  for  the  short-transverse  orientation.  Due  to  information  indicating  that  non 
conforming  materials  have  been  cut-down  from  billet  and  purported  as  plate  or  bar,  the 
expected  orientation  system  may  not  have  been  known  during  component  fabrication. 
Therefore,  the  results  from  the  two  orientations  tested  have  been  grouped  together  in 
order  to  provide  reasonable  lower  bound  properties.  These  preliminary  reasonable  lower 
bound  properties  are  shown  in  Table  8.  For  modulus,  elongation,  and  reduction  of  area,  the 
minimum  value  from  the  data  has  been  used  as  the  preliminary  reasonable  lower  bound. 
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Table  7.  Ti-6Al-6V-2Sn  billet  (14828)  tensile  test  results. 


(a)  Longitudinal  orientation,  t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14828A-T-L-1-A 

L 

t/4 

137.6 

145.8 

16.7% 

34.8% 

15.8 

16.5 

L-2-A 

L 

t/4 

137.0 

144.8 

20.4% 

30.5% 

16.2 

15.6 

L-3-A 

L 

t/4 

136.6 

143.8 

18.1% 

33.9% 

15.8 

L-4-A 

L 

t/4 

134.4 

140.8 

17.7% 

37.6% 

15.4 

L-5-A 

L 

t/4 

135.8 

142.6 

17.5% 

30.3% 

15.6 

L-6-A 

L 

t/4 

135.7 

142.5 

18.7% 

37.8% 

15.8 

L-7-A 

L 

t/4 

135.2 

142.3 

18.3% 

30.8% 

15.5 

L-8-A 

L 

t/4 

134.6 

141.4 

18.4% 

31.6% 

15.4 

L-9-A 

L 

t/4 

134.4 

140.8 

17.8% 

32.3% 

15.1 

L-10-A 

L 

t/4 

135.7 

141.9 

18.1% 

30.6% 

15.4 

L-ll-A 

L 

t/4 

134.1 

140.8 

16.6% 

33.6% 

15.3 

L-12-A 

L 

t/4 

135.8 

142.4 

18.9% 

36.1% 

15.4 

L-13-A 

L 

t/4 

134.7 

141.0 

20.4% 

31.8% 

15.6 

14828C-T-L-14-A 

L 

t/4 

139.9 

146.6 

17.4% 

33.0% 

16.5 

15.1 

L-15-A 

L 

t/4 

139.6 

145.8 

18.6% 

33.4% 

16.6 

15.3 

L-16-A 

L 

t/4 

138.3 

144.3 

18.7% 

31.5% 

15.5 

L-17-A 

L 

t/4 

136.5 

141.6 

16.0% 

33.7% 

14.9 

L-18-A 

L 

t/4 

136.9 

141.6 

18.8% 

35.1% 

15.1 

L-19-A 

L 

t/4 

135.5 

139.7 

19.4% 

35.7% 

14.8 

L-20-A 

L 

t/4 

134.9 

139.6 

16.2% 

30.6% 

14.9 

L-21-A 

L 

t/4 

136.9 

141.7 

18.0% 

34.2% 

15.2 

L-22-A 

L 

t/4 

134.1 

138.9 

17.4% 

36.4% 

15.1 

L-23-A 

L 

t/4 

134.2 

138.2 

15.8% 

32.8% 

14.6 

L-24-A 

L 

t/4 

134.7 

139.6 

17.9% 

27.8% 

15.1 

L-25-A 

L 

t/4 

135.4 

139.7 

17.9% 

34.8% 

14.8 

L-26-A 

L 

t/4 

136.2 

140.8 

17.0% 

30.5% 

14.9 
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14828E-T-L-27-A 

L 

t/4 

136.5 

145.0 

19.0% 

35.0% 

16.2 

15.4 

L-28-A 

L 

t/4 

135.7 

143.5 

18.5% 

36.4% 

16.1 

15.8 

L-29-A 

L 

t/4 

135.7 

143.0 

17.7% 

33.6% 

15.0 

L-30-A 

L 

t/4 

135.5 

141.8 

17.9% 

34.2% 

15.4 

L-31-A 

L 

t/4 

135.1 

141.3 

18.8% 

36.7% 

15.1 

L-32-A 

L 

t/4 

134.7 

141.2 

18.3% 

33.7% 

15.5 

L-33-A 

L 

t/4 

135.6 

142.3 

17.7% 

33.6% 

15.4 

L-34-A 

L 

t/4 

136.8 

143.7 

17.1% 

33.3% 

15.4 

L-35-A 

L 

t/4 

135.8 

141.9 

17.0% 

34.2% 

15.6 

L-36-A 

L 

t/4 

136.1 

143.1 

16.0% 

31.9% 

15.6 

L-37-A 

L 

t/4 

136.6 

143.1 

15.7% 

29.6% 

15.7 

L-38-A 

L 

t/4 

133.9 

139.9 

15.4% 

31.5% 

14.3 

L-39-A 

L 

t/4 

136.3 

142.5 

16.5% 

31.2% 

15.5 

14828G-T-L-40-A 

L 

t/4 

138.4 

145.3 

17.3% 

38.8% 

15.7 

15.5 

L-41-A 

L 

t/4 

138.5 

145.4 

17.6% 

35.5% 

16.0 

14.4 

L-42-A 

L 

t/4 

138.1 

144.7 

17.5% 

35.9% 

15.5 

L-43-A 

L 

t/4 

137.9 

144.1 

16.7% 

34.6% 

15.7 

L-44-A 

L 

t/4 

137.6 

143.9 

16.6% 

29.6% 

16.1 

L-45-A 

L 

t/4 

135.5 

141.3 

17.1% 

36.2% 

15.0 

L-46-A 

L 

t/4 

136.4 

142.6 

17.5% 

36.2% 

15.4 

L-47-A 

L 

t/4 

137.1 

143.6 

17.4% 

36.9% 

15.4 

L-48-A 

L 

t/4 

137.6 

143.8 

17.4% 

35.2% 

15.4 

L-49-A 

L 

t/4 

135.6 

141.8 

17.9% 

35.3% 

14.8 

L-50-A 

L 

t/4 

136.5 

142.4 

17.3% 

35.3% 

15.6 

L-51-A 

L 

t/4 

136.9 

142.8 

16.8% 

35.3% 

14.8 

L-52-A 

L 

t/4 

137.8 

143.9 

17.7% 

32.5% 

15.6 

AMS-T-9046 

135 

145 

8% 

16.0a 

AMS-T-9047 

(l"-3") 

131 

143 

10% 

20% 

AMS-T-9047 

<3"-4") 

129 

137 

10% 

20% 

(a ):  Typical  value  per  MMPDS-04 
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(b)  Longitudinal  orientation,  t/2  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14828A-T-L-1-B 

L 

t/2 

137.5 

145.2 

16.8% 

33.9% 

15.8 

15.2 

L-2-B 

L 

t/2 

136.1 

143.5 

16.7% 

28.7% 

15.8 

15.3 

L-3-B 

L 

t/2 

135.0 

142.6 

18.2% 

32.5% 

15.5 

L-4-B 

L 

t/2 

134.2 

141.3 

19.8% 

36.0% 

15.4 

L-5-B 

L 

t/2 

134.3 

141.4 

19.6% 

33.7% 

15.3 

L-6-B 

L 

t/2 

133.0 

140.1 

18.9% 

33.4% 

15.3 

L-7-B 

L 

t/2 

132.1 

139.1 

19.5% 

31.4% 

14.8 

L-8-B 

L 

t/2 

134.2 

142.1 

19.8% 

31.4% 

15.5 

L-9-B 

L 

t/2 

131.6 

138.8 

20.7% 

36.9% 

14.9 

L-10-B 

L 

t/2 

133.3 

141.1 

15.3% 

32.3% 

15.3 

L-ll-B 

L 

t/2 

134.3 

142.4 

15.7 

L-12-B 

L 

t/2 

131.8 

138.3 

18.0% 

37.4% 

14.7 

L-13-B 

L 

t/2 

134.3 

141.4 

18.9% 

35.3% 

15.2 

14828C-T-L-14-B 

L 

t/2 

138.2 

144.3 

16.6% 

36.1% 

16.1 

14.6 

L-15-B 

L 

t/2 

137.3 

143.2 

17.1% 

32.6% 

16.3 

14.6 

L-16-B 

L 

t/2 

138.0 

144.4 

17.2% 

33.9% 

14.9 

L-17-B 

L 

t/2 

138.3 

145.1 

19.6% 

28.3% 

15.0 

L-18-B 

L 

t/2 

136.5 

142.4 

16.2% 

33.5% 

15.3 

L-19-B 

L 

t/2 

134.6 

140.2 

17.6% 

33.8% 

14.8 

L-20-B 

L 

t/2 

132.7 

137.3 

17.9% 

31.5% 

14.4 

L-21-B 

L 

t/2 

133.8 

138.9 

18.0% 

34.8% 

15.6 

L-22-B 

L 

t/2 

133.3 

138.2 

18.0% 

34.1% 

15.5 

L-23-B 

L 

t/2 

132.6 

138.3 

20.7% 

37.2% 

15.4 

L-24-B 

L 

t/2 

132.4 

137.1 

18.5% 

37.4% 

14.9 

L-25-B 

L 

t/2 

133.6 

139.2 

19.7% 

32.4% 

15.2 

L-26-B 

L 

t/2 

135.2 

140.8 

18.9% 

32.3% 

15.6 
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14828E-T-L-27-B 

L 

t/2 

134.7 

142.8 

16.7% 

30.6% 

15.9 

15.2 

L-28-B 

L 

t/2 

135.2 

143.0 

17.9% 

33.0% 

16.1 

15.4 

L-29-B 

L 

t/2 

135.7 

143.6 

17.1% 

29.9% 

15.7 

L-30-B 

L 

t/2 

135.0 

142.1 

19.8% 

30.5% 

15.3 

L-31-B 

L 

t/2 

133.6 

140.1 

18.0% 

37.7% 

15.3 

L-32-B 

L 

t/2 

134.2 

140.6 

17.8% 

36.1% 

15.1 

L-33-B 

L 

t/2 

132.3 

138.9 

20.2% 

36.2% 

15.1 

L-34-B 

L 

t/2 

136.5 

143.2 

16.6% 

32.6% 

15.2 

L-35-B 

L 

t/2 

132.7 

140.1 

18.5% 

30.4% 

15.7 

L-36-B 

L 

t/2 

131.2 

137.0 

16.7% 

35.6% 

15.1 

L-37-B 

L 

t/2 

132.8 

139.9 

18.8% 

35.9% 

15.5 

L-38-B 

L 

t/2 

132.6 

139.2 

17.8% 

35.2% 

15.4 

L-39-B 

L 

t/2 

134.0 

140.4 

16.1% 

32.5% 

14.9 

14828G-T-L-40-B 

L 

t/2 

137.7 

144.9 

17.4% 

37.0% 

15.5 

14.7 

L-41-B 

L 

t/2 

137.2 

143.1 

17.7% 

34.2% 

15.9 

15.0 

L-42-B 

L 

t/2 

137.1 

144.8 

17.5% 

33.0% 

15.6 

L-43-B 

L 

t/2 

136.1 

142.1 

17.7% 

31.4% 

15.2 

L-44-B 

L 

t/2 

135.1 

140.6 

18.4% 

36.5% 

14.9 

L-45-B 

L 

t/2 

135.7 

141.6 

17.7% 

31.3% 

15.7 

L-46-B 

L 

t/2 

136.3 

143.0 

18.5% 

34.8% 

15.7 

L-47-B 

L 

t/2 

135.9 

142.3 

18.9% 

35.8% 

15.7 

L-48-B 

L 

t/2 

135.5 

142.2 

17.8% 

37.0% 

15.6 

L-49-B 

L 

t/2 

134.1 

140.4 

17.3% 

39.6% 

15.2 

L-50-B 

L 

t/2 

134.8 

141.4 

18.7% 

36.8% 

14.4 

L-51-B 

L 

t/2 

135.6 

141.9 

19.8% 

37.7% 

15.2 

L-52-B 

L 

t/2 

136.3 

142.9 

19.2% 

39.5% 

15.3 

AM5-T-9046 

135 

145 

8% 

16.03 

AMS-T-9047 

(l"-3") 

131 

143 

10% 

20% 

AMS-T-9047 
<3"-4 ") 

129 

137 

10% 

20% 

(a ):  Typical  value  per  MMPDS-04 
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(c)  Longitudinal  orientation,  3t/4  thickness  location 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14828A-T-L-1-C 

L 

3t/4 

138.8 

146.8 

17.0% 

36.5% 

16.0 

15.6 

L-2-C 

L 

3t/4 

138.0 

146.0 

18.5% 

32.8% 

16.5 

15.7 

L-3-C 

L 

3t/4 

136.5 

143.4 

18.7% 

31.3% 

15.0 

L-4-C 

L 

3t/4 

135.6 

141.7 

16.8% 

36.2% 

14.9 

L-5-C 

L 

3t/4 

136.3 

142.9 

18.2% 

33.0% 

15.2 

L-6-C 

L 

3t/4 

134.9 

141.4 

19.4% 

25.2% 

15.1 

L-7-C 

L 

3t/4 

135.6 

143.0 

18.2% 

33.4% 

15.3 

L-8-C 

L 

3t/4 

136.1 

142.8 

17.1% 

31.9% 

14.9 

L-9-C 

L 

3t/4 

136.6 

143.6 

17.9% 

33.0% 

15.3 

L-10-C 

L 

3t/4 

135.0 

142.2 

17.1% 

30.8% 

15.4 

L-ll-C 

L 

3t/4 

136.6 

143.7 

19.2% 

32.1% 

15.2 

L-12-C 

L 

3t/4 

134.0 

140.8 

18.7% 

37.9% 

14.9 

L-13-C 

L 

3t/4 

134.1 

139.9 

16.7% 

32.7% 

14.8 

14828C-T-L-14-C 

L 

3t/4 

139.2 

146.0 

17.4% 

35.4% 

16.3 

15.0 

L-15-C 

L 

3t/4 

138.1 

144.1 

19.9% 

34.5% 

16.4 

14.8 

L-16-C 

L 

3t/4 

136.8 

142.1 

18.0% 

38.1% 

14.5 

L-17-C 

L 

3t/4 

137.5 

142.8 

18.6% 

33.7% 

15.4 

L-18-C 

L 

3t/4 

136.3 

141.0 

17.5% 

32.8% 

14.7 

L-19-C 

L 

3t/4 

137.2 

141.8 

16.3% 

32.5% 

15.3 

L-20-C 

L 

3t/4 

135.9 

140.7 

19.3% 

37.0% 

14.9 

L-21-C 

L 

3t/4 

136.1 

140.9 

17.7% 

32.6% 

15.3 

L-22-C 

L 

3t/4 

135.0 

138.9 

15.7% 

34.4% 

14.6 

L-23-C 

L 

3t/4 

137.3 

142.6 

15.4% 

27.6% 

15.5 

L-24-C 

L 

3t/4 

136.2 

141.0 

18.0% 

36.1% 

15.0 

L-25-C 

L 

3t/4 

136.2 

141.1 

17.2% 

30.1% 

15.0 

L-26-C 

L 

3t/4 

136.6 

141.3 

19.0% 

32.1% 

15.1 
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14828E-T-L-27-C 

L 

3t/4 

135.6 

144.1 

18.2% 

37.2% 

16.1 

14.9 

L-28-C 

L 

3t/4 

137.1 

145.0 

16.9% 

31.8% 

16.5 

15.4 

L-29-C 

L 

3t/4 

135.8 

142.8 

17.1% 

33.6% 

15.2 

L-30-C 

L 

3t/4 

136.5 

143.6 

17.5% 

31.3% 

15.6 

L-31-C 

L 

3t/4 

134.8 

141.0 

17.1% 

32.4% 

15.2 

L-32-C 

L 

3t/4 

135.7 

142.6 

18.6% 

36.3% 

15.5 

L-33-C 

L 

3t/4 

137.6 

146.8 

14.3% 

27.2% 

15.3 

L-34-C 

L 

3t/4 

134.2 

141.1 

17.9% 

31.4% 

15.6 

L-35-C 

L 

3t/4 

134.8 

141.8 

17.8% 

29.4% 

15.6 

L-36-C 

L 

3t/4 

135.5 

141.9 

15.5% 

29.6% 

15.0 

L-37-C 

L 

3t/4 

136.2 

142.8 

17.0% 

30.9% 

15.2 

L-38-C 

L 

3t/4 

135.5 

141.4 

17.2% 

32.6% 

15.1 

L-39-C 

L 

3t/4 

135.1 

141.4 

16.2% 

25.8% 

15.3 

14828G-T-L-40-C 

L 

3t/4 

139.6 

146.6 

17.7% 

37.7% 

16.0 

15.2 

L-41-C 

L 

3t/4 

137.3 

143.9 

17.3% 

35.2% 

15.7 

14.9 

L-42-C 

L 

3t/4 

137.8 

144.0 

17.6% 

37.7% 

15.0 

L-43-C 

L 

3t/4 

136.7 

142.6 

18.6% 

37.2% 

15.0 

L-44-C 

L 

3t/4 

137.9 

144.0 

19.1% 

37.8% 

15.5 

L-45-C 

L 

3t/4 

136.8 

143.1 

17.2% 

34.3% 

14.9 

L-46-C 

L 

3t/4 

137.9 

143.9 

16.8% 

31.7% 

15.2 

L-47-C 

L 

3t/4 

138.8 

144.8 

17.9% 

33.6% 

15.7 

L-48-C 

L 

3t/4 

138.2 

145.9 

17.9% 

33.1% 

15.1 

L-49-C 

L 

3t/4 

137.2 

143.3 

18.3% 

37.0% 

15.1 

L-50-C 

L 

3t/4 

138.1 

144.7 

19.0% 

34.4% 

15.4 

L-51-C 

L 

3t/4 

138.7 

145.8 

17.8% 

33.2% 

15.7 

L-52-C 

L 

3t/4 

138.0 

144.3 

16.3% 

32.3% 

15.6 

AM5-T-9046 

135 

145 

8% 

16.03 

AMS-T-9047 

(l"-3") 

131 

143 

10% 

20% 

AMS-T-9047 

<3"-4”) 

129 

137 

10% 

20% 

(a ):  Typical  value  per  MMPDS-04 
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(d)  Short-transverse  orientation;  t/4,  t/2,  and  3t/4  thickness  locations 


Orientation 

Thickness 

Location 

Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus, 

Elll 

(msi) 

Elastic 

Modulus, 

E8 

(msi) 

14828A-T-S-1-A 

S 

t/4 

140.8 

149.9 

15.9% 

30.9% 

17.2 

16.3 

S-2-A 

S 

t/4 

136.6 

145.1 

11.4% 

23.9% 

16.5 

15.1 

S-3-A 

s 

t/4 

136.6 

145.1 

13.3% 

26.8% 

14.9 

14828C-T-S-4-A 

s 

t/4 

140.5 

147.7 

16.1% 

29.5% 

15.9 

15.7 

S-5-A 

s 

t/4 

138.0 

145.2 

11.9% 

25.6% 

15.6 

15.3 

S-6-A 

s 

t/4 

137.2 

144.5 

13.0% 

19.0% 

14.8 

14828E-T-S-7-A 

s 

t/4 

135.7 

143.9 

12.6% 

24.6% 

16.1 

15.4 

S-8-A 

s 

t/4 

137.6 

147.1 

15.2% 

26.6% 

16.3 

15.6 

S-9-A 

s 

t/4 

136.2 

146.1 

13.7% 

24.8% 

16.0 

14828G-T-S-10-A 

s 

t/4 

140.6 

148.5 

14.7% 

29.6% 

16.7 

15.8 

S-ll-A 

s 

t/4 

138.7 

145.7 

11.4% 

31.8% 

16.4 

15.7 

S-12-A 

s 

t/4 

138.6 

146.0 

12.8% 

27.2% 

15.4 

14828A-T-S-1-B 

s 

t/2 

136.0 

144.0 

12.5% 

22.6% 

16.6 

15.6 

S-2-B 

s 

t/2 

135.4 

142.8 

12.5% 

29.7% 

16.5 

15.9 

S-3-B 

s 

t/2 

134.9 

143.2 

12.9% 

29.8% 

15.3 

14828C-T-S-4-B 

s 

t/2 

133.8 

140.1 

13.1% 

26.9% 

15.2 

14.4 

S-5-B 

s 

t/2 

134.6 

140.7 

14.7% 

26.8% 

15.3 

14.6 

S-6-B 

s 

t/2 

135.4 

141.3 

15.3% 

26.0% 

15.0 

14828E-T-S-7-B 

s 

t/2 

134.2 

142.6 

12.5% 

20.2% 

16.1 

15.4 

S-8-B 

s 

t/2 

135.2 

143.3 

12.0% 

23.2% 

16.2 

15.0 

S-9-B 

s 

t/2 

134.6 

142.9 

14.4% 

23.6% 

15.3 

14828G-T-S-10-B 

s 

t/2 

137.6 

144.7 

16.4% 

21.8% 

16.4 

16.0 

S-ll-B 

s 

t/2 

136.6 

144.1 

17.7% 

28.7% 

16.2 

14.9 

S-12-B 

s 

t/2 

137.1 

144.6 

13.7% 

27.1% 

15.3 
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14828A-T-S-1-C 

S 

3t/4 

139.8 

149.5 

17.8% 

34.9% 

16.9 

15.7 

S-2-C 

S 

3t/4 

135.6 

144.4 

11.7% 

24.8% 

16.3 

15.3 

S-3-C 

S 

3t/4 

136.9 

145.9 

14.9% 

26.3% 

15.0 

14828C-T-S-4-C 

S 

3t/4 

140.5 

147.7 

15.9% 

31.6% 

15.8 

15.6 

S-5-C 

S 

3t/4 

138.4 

145.7 

14.0% 

28.8% 

16.5 

15.3 

S-6-C 

S 

3t/4 

137.2 

144.9 

15.7% 

23.2% 

15.0 

14828E-T-S-7-C 

S 

3t/4 

139.0 

148.4 

14.3% 

27.8% 

16.6 

15.9 

S-8-C 

S 

3t/4 

137.0 

146.3 

12.1% 

27.0% 

16.2 

15.9 

S-9-C 

S 

3t/4 

136.2 

143.8 

18.9% 

34.0% 

15.6 

14828G-T-S-10-C 

S 

3t/4 

142.6 

150.1 

16.1% 

34.4% 

16.7 

15.7 

S-ll-C 

S 

3t/4 

138.9 

146.3 

14.2% 

28.6% 

16.3 

15.3 

S-12-C 

S 

3t/4 

139.3 

146.9 

13.2% 

29.1% 

15.8 

AMS-T-9046 

(L-orientation) 

135 

145 

8% 

16.03 

AMS-T-9047 
( l"-3 ”) 

131 

143 

10% 

20% 

AMS-T-9047 

(3"-4") 

129 

137 

8% 

15% 

(a):  Typical  value  per  MMPDS-04 


Table  8.  Preliminary  reasonable  lower  bound  tensile  properties  for  Ti-6Al-6V-2Sn  billet 

(14828). 


Yield 

Strength 

(ksi) 

Ultimate 

Tensile 

Strength 

(ksi) 

% 

Elongation 

% 

Reduction 

of  Area 

Elastic 

Modulus 

(msi) 

131 

137 

11% 

19% 

14.3 
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Fatigue  (force-controlled!  -  The  results  of  force-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  13.  Individual  results  are  tabulated  in  Table  9.  In  Fig.  13,  the 
results  for  each  stress  ratio  (R)  have  been  fit  with  a  best-fit  power-law  curve  for  graphical 
purposes  only.  Also  included  in  this  figure  are  curves  based  on  an  equivalent  stress 
equation  from  MMPDS  Figure  5.4.2.1.8(a).  As  stated  in  Fig.  4,  the  fatigue  specimens  used 
herein  were  manufactured  using  low-stress  grinding  operations  to  a  surface  finish  (Ra)  of  8 
per  the  ASTM  E466  standard.  The  MMPDS  reference  data  curves  were  generated  using 
specimens  having  a  surface  roughness  of  32  RMS.  Although  the  specimens  used  in  this 
effort  had  a  smoother  surface  finish  than  those  used  in  the  reference  data,  and  a  longer  life 
would  typically  be  expected,  it  is  not  known  whether  low-stress  grinding  was  used  on  the 
reference  specimens.  This  aspect,  along  with  the  fact  that  the  material  from  which  the 
referenced  specimens  were  extracted  exhibited  higher  tensile  strength  than  the  billet 
material  tested  in  this  program,  could  potentially  have  contributed  to  the  difference 
between  the  data  sets. 
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Figure  13.  Ti-6Al-6V-2Sn  billet  force-controlled  axial  fatigue  test  results. 
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Table  9.  Ti-6Al-6V-2Sn  billet  (14828)  force-controlled  axial  fatigue  test  results. 


(a)  R  =  0.05 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

14828G-F-L-23-A 

t/4 

L 

130 

0.05 

43,020 

14828C-F-L-12-A 

t/4 

L 

130 

0.05 

22,470 

14828G-F-L-24-B 

t/2 

L 

130 

0.05 

58,070 

14828G-F-L-24-C 

3t/4 

L 

130 

0.05 

50,390 

14828G-F-L-24-A 

t/4 

L 

105 

0.05 

336,630 

14828C-F-L-11-A 

t/4 

L 

105 

0.05 

334,840 

14828E-F-L-1 7~C 

3t/4 

L 

105 

0.05 

363,380 

14828G-F-L-23-C 

3t/4 

L 

105 

0.05 

380,550 

14828G-F-L-23-B 

t/2 

L 

95 

0.05 

721,890 

14828E-F-L-18-B 

t/2 

L 

95 

0.05 

852,680 

14828C-F-L-11-B 

t/2 

L 

95 

0.05 

416,120 

14828A-F-L-5-C 

3t/4 

L 

95 

0.05 

706,770 

14828E-F-L-17-A 

t/4 

L 

85 

0.05 

5,324,860 

14828A-F-L-6-B 

t/2 

L 

85 

0.05 

664,430 

14828C-F-L-11-C 

3t/4 

L 

85 

0.05 

1,090,170 

14828C-F-L-12-C 

3t/4 

L 

85 

0.05 

1,152,660 

14828G-F-S-61-B 

t/2 

S 

130 

0.05 

58,540 

14828E-F-S-47-B 

t/2 

S 

130 

0.05 

26,100 

14828E-F-S-46-B 

t/2 

S 

130 

0.05 

43,500 

14828G-F-S-63-B 

t/2 

S 

130 

0.05 

48,060 

14828G-F-5-62-B 

t/2 

S 

105 

0.05 

217,610 

14828C-F-S-29-B 

t/2 

S 

105 

0.05 

173,560 

14828 A-F-S-15-B 

t/2 

S 

105 

0.05 

217,230 

14828G-F-S-64-B 

t/2 

S 

105 

0.05 

272,530 

14828 A-F-S-13-B 

t/2 

S 

95 

0.05 

420,080 

14828 A-F-S-16-B 

t/2 

S 

95 

0.05 

282,500 

14828C-F-S-31-B 

t/2 

S 

95 

0.05 

438,220 

14828C-F-S-32-B 

t/2 

S 

95 

0.05 

304,630 

14828E-F-S-48-B 

t/2 

S 

85 

0.05 

596,960 

14828E-F-S-45-B 

t/2 

S 

85 

0.05 

1,151,960 

14828C-F-S-30-B 

t/2 

S 

85 

0.05 

462,240 

14828A-F-S-14-B 

t/2 

S 

85 

0.05 

507,540 

235 

Approved  for  public  release;  distribution  unlimited. 


(b)  R  =  -1 


Thickness 

Location 

Orientation 

Max  Stress 
(ksi) 

Stress  Ratio, 

R 

Cycles  to  Failure 

14828A-F-L-1-A 

t/4 

L 

100 

-1 

18,348 

14828A-F-L-4-A 

t/4 

L 

100 

-1 

18,653 

14828C-F-L-9-B 

t/2 

L 

100 

-1 

16,490 

14828A-F-L-1-C 

3t/4 

L 

100 

-1 

22,535 

14828G-F-L-21-A 

t/4 

L 

80 

-1 

102,617 

14828C-F-L-7-A 

t/4 

L 

80 

-1 

181,437 

14828E-F-L-14-B 

t/2 

L 

80 

-1 

232,564 

14828E-F-L-13-C 

3t/4 

L 

80 

-1 

184,375 

14828G-F-L-19-A 

t/4 

L 

72.5 

-1 

88,730 

14828E-F-L-16-A 

t/4 

L 

72.5 

-1 

163,743 

14828A-F-L-3-B 

t/2 

L 

72.5 

-1 

339,682 

14828C-F-L-8-C 

3t/4 

L 

72.5 

-1 

6,569,956 

14828G-F-L-22-B 

t/2 

L 

65 

-1 

246,786 

14828C-F-L-10-B 

t/2 

L 

65 

-1 

10,000,000* 

14828G-F-L20-C 

3t/4 

L 

65 

-1 

1,464,052 

14828E-F-L-15-C 

3t/4 

L 

65 

-1 

10,000,000* 

14828A-F-S-1-B 

t/2 

S 

100 

-1 

16,106 

14828C-F-S-23-B 

t/2 

S 

100 

-1 

12,230 

14828E-F-S-42-B 

t/2 

S 

100 

-1 

14,966 

14828C-F-S-26-B 

t/2 

S 

100 

-1 

15,612 

14828E-F-S-36-B 

t/2 

S 

80 

-1 

209,481 

14828E-F-S-39-B 

t/2 

S 

80 

-1 

71,617 

14828A-F-S-4-B 

t/2 

S 

80 

-1 

351,024 

14828G-F-S-49-B 

t/2 

S 

80 

-1 

840,530 

14828G-F-S-58-B 

t/2 

S 

72.5 

-1 

1,758,964 

14828G-F-S-55-B 

t/2 

S 

72.5 

-1 

983,095 

14828 A-F-S-10-B 

t/2 

S 

72.5 

-1 

3,278,166 

14828G-F-S-52-B 

t/2 

S 

72.5 

-1 

7,685,823 

14828A-F-S-7-B 

t/2 

S 

65 

-1 

10,000,000* 

14828C-F-S-20-B 

t/2 

S 

65 

-1 

4,438,245 

14828C-F-S-1 7-B 

t/2 

S 

65 

-1 

255,475 

14828E-F-S-33-B 

t/2 

S 

65 

-1 

10,000,000* 

*  ;  indicates  runout 


Fatigue  (strain-controlled)  -  The  results  of  strain-controlled  axial  fatigue  testing  are 
shown  graphically  in  Figure  14,  with  individual  results  tabulated  in  Table  10.  Due  to 
material  limitations,  only  longitudinal  specimens  were  tested. 
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Strain  range  (in/in) 


Figure  14.  Ti-6Al-6V-2Sn  billet  (14828)  strain-controlled  axial  fatigue  test  results. 


237 

Approved  for  public  release;  distribution  unlimited. 


Table  10.  Ti-6Al-6V-2Sn  billet  (14828)  strain-controlled  axial  fatigue  test  results. 


(a)  R£  =  0.05 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Rs 

Cycles  to  Failure 

14828A-L-4-B 

t/2 

L 

0.0171 

0.05 

2,071 

14828E-L-16-B 

t/2 

L 

0.0171 

0.05 

3,296 

14828C-L-9-C 

3t/4 

L 

0.0171 

0.05 

2,415 

14828G-L-22-C 

3t/4 

L 

0.0171 

0.05 

2,755 

14828A-L-2-A 

t/4 

L 

0.0150 

0.05 

4,277 

14828E-L-13-A 

t/4 

L 

0.0150 

0.05 

4,382 

14828C-L-7-B 

t/2 

L 

0.0150 

0.05 

4,575 

14828G-L-19-B 

t/2 

L 

0.0150 

0.05 

4,735 

14828C-L-8-A 

t/4 

L 

0.0119 

0.05 

9,869 

14828G-L-20-A 

t/4 

L 

0.0119 

0.05 

10,810 

14828A-L-2-C 

3 1/4 

L 

0.0119 

0.05 

9,354 

14828E-L-14-C 

3 1/4 

L 

0.0119 

0.05 

10,257 

14828G-L-21-C 

3 1/4 

L 

0.0083 

0.05 

86,759 

14828C-L-9-A 

t/4 

L 

0.0083 

0.05 

100,888 

14828E-L-15-B 

t/2 

L 

0.0083 

0.05 

29,242 

14828A-L-3-C 

3 1/4 

L 

0.0083 

0.05 

34,705 

14828A-S-12-B 

t/2 

S 

0.0171 

0.05 

1,301 

14828C-S-28-B 

t/2 

S 

0.0171 

0.05 

1,373 

14828E-S-44-B 

t/2 

S 

0.0171 

0.05 

1,406 

14828G-S-60-B 

t/2 

S 

0.0171 

0.05 

1,707 

14828A-S-3-B 

t/2 

S 

0.0150 

0.05 

2,103 

14828C-S-18-B 

t/2 

S 

0.0150 

0.05 

3,535 

14828E-S-35-B 

t/2 

S 

0.0150 

0.05 

3,385 

14828G-S-51-B 

t/2 

S 

0.0150 

0.05 

2,679 

14828A-S-6-B 

t/2 

S 

0.0119 

0.05 

7,019 

14828C-S-22-B 

t/2 

S 

0.0119 

0.05 

10,402 

14828E-S-38-B 

t/2 

S 

0.0119 

0.05 

7,818 

14828G-S-54-B 

t/2 

S 

0.0119 

0.05 

8,732 

14828G-S-57-B 

t/2 

S 

0.0083 

0.05 

44,240 

14828A-S-9-B 

t/2 

S 

0.0083 

0.05 

71,300 

14828C-S-25-B 

t/2 

S 

0.0083 

0.05 

29,942 

14828E-S-41-B 

t/2 

S 

0.0083 

0.05 

23,040 
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(b)  Re  =  -1 


Thickness 

Location 

Orientation 

Strain  Range 
(in/in) 

Strain  Ratio, 

Re 

Cycles  to  Failure 

14828 A-L-l-B 

t/2 

L 

0.0201 

-1 

1,867 

14828E-L-13-B 

t/2 

L 

0.0201 

-1 

1,130 

14828C-L-7-C 

3t/4 

L 

0.0201 

-1 

2,033 

14828E-L-14-A 

t/4 

L 

0.0175 

-1 

2,590 

14828A-L-2-B 

t/2 

L 

0.0175 

-1 

2,246 

14828C-L-8-B 

t/2 

L 

0.0175 

-1 

2,233 

14828G-L-20-B 

t/2 

L 

0.0175 

-1 

1,879 

14828A-L-3-A 

t/4 

L 

0.0148 

-1 

5,254 

14828C-L-10-A 

t/4 

L 

0.0148 

-1 

3,964 

14828E-L-15-A 

t/4 

L 

0.0148 

-1 

4,564 

14828G-L-21-B 

t/2 

L 

0.0148 

-1 

5,256 

14828G-L-22-A 

t/4 

L 

0.0110 

-1 

28,492 

14828A-L-4-C 

3 1/4 

L 

0.0110 

-1 

27,271 

14828C-L-10-C 

3t/4 

L 

0.0110 

-1 

36,000 

14828E-L-16-C 

3t/4 

L 

0.0110 

-1 

30,350 

14828A-S-2-B 

t/2 

S 

0.0201 

-1 

733 

14828E-S-34-B 

t/2 

S 

0.0201 

-1 

846 

14828G-S-50-B 

t/2 

S 

0.0201 

-1 

747 

14828A-S-5-B 

t/2 

S 

0.0176 

-1 

802 

14828C-S-21-B 

t/2 

S 

0.0176 

-1 

1,541 

14828G-S-53-B 

t/2 

S 

0.0176 

-1 

1,703 

14828A-S-8-B 

t/2 

S 

0.0148 

-1 

3,760 

14828C-S-24-B 

t/2 

S 

0.0148 

-1 

2,920 

14828E-S-40-B 

t/2 

S 

0.0148 

-1 

2,691 

14828G-S-56-B 

t/2 

S 

0.0148 

-1 

5,022 

14828A-S-11-B 

t/2 

S 

0.0110 

-1 

18,345 

14828C-S-27-B 

t/2 

S 

0.0110 

-1 

14,034 

14828F-S-43-B 

t/2 

S 

0.0110 

-1 

16,392 

14828G-S-59-B 

t/2 

S 

0.0110 

-1 

20,489 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  test  result  summary  curves 
are  shown  in  Figures  15  and  16  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  Individual 
specimen  curves  are  located  in  Appendix  B  of  this  report.  For  both  stress  ratios,  the  S-L 
orientation  specimens  tended  to  have  slightly  faster  growth  rates  than  the  L-T  specimens. 
Fractographic  and  metallographic  examinations  of  the  failed  specimens  will  be  performed 
to  investigate  possible  reasons  for  this  difference  in  growth  rates. 
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Figure  15.  Ti-6Al-6V-2Sn  billet  (14828)  fatigue  crack  growth  rate  test  results  (R=0.1). 
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Figure  16.  Ti-6Al-6V-2Sn  billet  (14828)  fatigue  crack  growth  rate  test  results  (R=0.7). 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  are  shown  in  Table 
11.  For  this  investigation,  only  the  L-T  orientation  was  tested. 

Also  shown  in  this  table  is  a  reference  value  the  Damage  Tolerant  Design  Handbook 
[2]  for  mill  annealed  billet.  The  pedigree  for  the  billet  material  shown  in  the  reference  is 
unknown  however. 


Table  11.  Ti-6Al-6V-2Sn  billet  (14828)  fracture  toughness  test  results. 


Thickness 

Klc 

Location 

(ksiVin) 

14828B-K-LT-1-A 

t/4 

78.2 

14828D-K-LT-2-A 

t/4 

77.6 

14828F-K-LT-3-A 

t/4 

88.6 

14828H-K-LT-4-A 

t/4 

82.0 

14828D-K-LT-2-B 

t/2 

88.5 

14828B-K-LT-1-C 

3t/4 

80.8 

14828D-K-LT-2-C 

3t/4 

69.1 

14828F-K-LT-3-C 

14828H-K-LT-4-C 

3t/4 

3t/4 

76.6 

71.8 

Damage  Tolerant 
Design  Handbook 

52.3 

Table  6.18.1.1 

(Billet)  Mean 

Preliminary  reasonable  lower 
bound 


Stress  Corrosion  Cracking  -  Axial,  smooth  bar  stress  corrosion  cracking  tests  were 
performed  on  24  test  specimens,  representing  two  orientations  (L  and  S).  As  stated 
previously,  the  specimens  were  loaded  at  a  stress  of  101.3  ksi  (75%  of  the  specification 
yield  strength  of  135  ksi)  for  40  days  in  an  alternate  immersion  3.5%  NaCl  solution.  No 
failures  occurred  during  testing.  After  testing,  specimens  were  rinsed  in  deionized  water 
and  visually  inspected  for  evidence  of  corrosion  damage.  No  evidence  of  pitting  or  other 
corrosion-related  damage  was  indicated. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


As  this  report  dealt  with  mechanical  properties  from  only  two  Ti-6Al-6V-2Sn  billets, 
no  specific  conclusions  or  recommendations  will  be  made,  other  than  comparisons  to 
material  specifications  or  available  reference  data.  Both  billets  had  some  portion  of  tensile 
strength  results  (yield  and  ultimate)  that  fell  below  the  specification  minimum  properties 
for  plate  and  bar  (depending  on  thickness). 
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Appendix  A 

Individual  fatigue  crack  growth  rate  curves  for  Ti-6Al-6V-2Sn  billet  (14824). 
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Individual  fatigue  crack  growth  rate  curves  for  Ti-6Al-6V-2Sn  billet  (14828). 
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CAUTION 

This  information  consists  of  reasonable  lower  bound  properties  for  titanium  billet. 

This  information  should  be  used  only  to  evaluate  the  potential  impact  of  improperly  substituted  titanium. 
This  information  should  not  be  used  for  design  purposes  in  place  of  material  properties  from  specifications 
or  MMPDS  entries  covering  titanium  plate,  bar,  or  other  product  forms. 

This  information  should  not  be  used  to  analyze  components  manufactured  from  titanium  stock  that  is  known 
to  be  compliant  with  applicable  specifications. 
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EXECUTIVE  SUMMARY 


This  report  is  intended  to  summarize  the  analyses  used  for  the  determination  of 
"reasonable  lower  bound"  (RLB)  properties  for  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  billet 
materials.  Key  results  of  the  testing  described  in  this  report  are  shown  in  the  table  below. 
Statistical  analyses  were  utilized  to  determine  RLBs/life  factors  for  tensile  strength 
(ultimate  and  yield),  fatigue,  and  fatigue  crack  growth  rate.  Tensile  ductility  (elongation 
and  reduction  of  area),  elastic  modulus,  and  fracture  toughness  RLBs  were  determined  by 
the  lowest  value  in  the  test  population. 

Improperly  processed  materials  can  have  material  properties  that  do  not  meet 
specifications  and  requirements.  This  report  has  documented  this  for  the  titanium  alloys 
Ti-6A1-4V  and  Ti-6Al-6V-2Sn. 

Engineers  and  designers  must  account  for  reduced  properties  when  assessing  the 
integrity  and  safety  of  components  that  are,  or  may  have  been,  made  with  improperly 
processed  materials.  This  report  provides  data  for  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  that 
should  be  used  in  such  assessments. 
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Property 

Alloy 

Reasonable 
Lower  Bound  / 
Life  Factor 

Difference  from  Specification  Minimum 
Value 

Ftu 

Ti-6A1-4V 

130  ksi 

MMPDS  A-basis 

Ti-6Al-6V-2Sn 

137  ksi 

8  ksi  lower  than  AMS-T-9046  (2”-4") 

6  ksi  lower  than  AMS-T-9047  (l”-3") 

Fty 

Ti-6A1-4V 

118  ksi 

MMPDS  A-basis 

Ti-6Al-6V-2Sn 

131  ksi 

4  ksi  lower  than  AMS-T-9046  (2”-4”) 

%  elongation 

Ti-6A1-4V 

6.7% 

3.3%  lower  than  AMS-T-9046,  9047 

Ti-6Al-6V-2Sn 

8% 

AMS-T-9046  ( 2"-4 ”)  Spec  Min 

%  reduction  of 

area 

Ti-6A1-4V 

10% 

15%  lower  than  AMS-T-9047  (<4") 

10%  lower  than  AMS-T-9047  (4”-6”) 

Ti-6Al-6V-2Sn 

19% 

1%  lower  than  AMS-T-9047 
(L-orientation) 

E 

Ti-6A1-4V 

15.3  msi 

0.7  msi  lower  than  MMPDS  typical 

Ti-6Al-6V-2Sn 

14.2  msi 

1.8  msi  lower  than  MMPDS  typical 

Kic 

Ti-6A1-4V 

59.8  ksiVin 

n/a 

Ti-6Al-6V-2Sn 

55.7  ksiVin 

S-N  Fatigue* 

Ti-6A1-4V 

0.61 

n/a 

Ti-6Al-6V-2Sn 

0.14 

s-N  Fatigue* 

Ti-6A1-4V 

0.70 

n/a 

Ti-6Al-6V-2Sn 

0.69 

Fatigue  Crack 
Growth  Rate* 

Ti-6A1-4V 

lx 

n/a 

Ti-6Al-6V-2Sn 

2x 

where: 

Ftu:  ultimate  tensile  strength 

F  ty/  tensile  yield  strength 

E;  elastic  modulus 

Kic:  plane  strain  fracture  toughness 

*:  Fatigue  &  crack  growth  rate  life  factors  discussed  in  this  report  that  describe  the  relationship  between 
titanium  billet  and  plate  should  be  used  for  initial  screening  purposes  only.  These  factors  represent  worst  case 
comparisons  FOR  ONLY  TWO  STRESS  RATIOS;  factors  approach  1.0  at  certain  regions  of  the  curves  from  which 
the  factors  were  derived.  If  a  program’s  initial  screening  indicates  that  sufficient  maintenance  intervals  continue 
to  exist  for  titanium  components,  no  further  analysis  is  required.  However,  if  maintenance  intervals  are  found  to 
be  unacceptable  during  an  initial  screening  using  the  published  factors,  a  program  may  conduct  further  analysis 
using  the  full  range  of  the  test  data  provided  byAFRL  supplemented,  as  appropriate,  with  test  data  and  analysis 
generated  by  the  program. 
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BACKGROUND 


A  federal  investigation  identified  a  risk  associated  with  improperly  processed 
titanium  (Ti)  material  being  used  in  the  fabrication  of  critical  safety  items  and  safety-of- 
flight  components  in  USAF,  DoD,  NASA,  and  FAA.  At  the  direction  of  AFMC/CC,  the  USAF 
Titanium  Task  Force  (led  by  AFMC/EN)  was  formed  to  further  define  risk  to  USAF  systems 
and  to  assist  with  mitigation  efforts.  The  suspect  Ti  material  (e.g.,  “billet,”  "reforging 
stock")  was  never  intended  to  be  machined  to  the  final  forms  in  which  it  is  now  possibly 
being  used.  This  R&D  testing  program  will  develop  new  baseline  (reasonable  lower  bound) 
properties  on  a  heretofore  not  fully  characterized  form  of  Ti.  The  decision  to  refer  to  these 
baseline  values  as  "reasonable  lower  bounds"  is  based  on  the  fact  that  an  insufficient 
quantity  of  material  heats  and  lots  were  represented  for  the  calculation  of  traditional 
MMPDS  [1\  A-  or  B-,  or  even  S-basis  allowables.  However,  the  number  of  specimens  tested 
(often  in  replicate)  is  significant.  Thus  "reasonable  lower  bound"  (RLB)  was  chosen  as  the 
proper  phrase  to  describe  properties  derived  from  the  testing  of  multiple  specimens  from 
the  two  heats  (per  alloy)  of  material  in  this  program.  While  they  do  not  meet  the 
requirements  for  standard  baseline  property  determination,  these  data  are,  nevertheless, 
significant. 

This  report  is  intended  to  summarize  the  analyses  used  for  the  determination  of 
"reasonable  lower  bounds”  of  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  billet  materials. 
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MATERIAL  DESCRIPTION 


The  titanium  materials  summarized  in  this  report  were  described  and  reported  on 
in  previous  reports  [2-5].  Two  Ti-6A1-4V  billets,  two  Ti-6Al-6V-2Sn  billets,  one  Ti-6A1-4V 
plate,  and  one  Ti-6Al-6V-2Sn  plate  were  tested  for  this  effort.  The  billets  were  produced  to 
AMS-T-9047  and  the  plates  were  produced  per  AMS-T-9046. 

TEST  PLAN 


Test  Specimens  -  The  test  specimens  used  in  this  program  were  machined  to  the 
final  required  geometries  as  shown  in  Figures  1  through  5.  All  of  the  geometries  were  in 
accordance  with  the  applicable  test  method  (as  described  in  the  next  section).  All  of  the 
specimens  were  fabricated  using  the  same  machine  shop  per  specimen  drawings  provided 
by  AFRL/RXSCE,  in  order  to  minimize  possibility  of  variability  due  to  specimen  machining. 
Special  care  was  given  to  the  traceability  of  the  specimen  back  to  a  general  location  within 
the  billet.  Test  specimens  were  given  a  unique  identification  that  would  allow  for  this 
tracking. 


all  dimensions  in  inches 

Figure  1.  Geometry  of  tensile  test  specimen. 
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All  dimensions  in  inches. 


Figure  2.  Geometry  of  fatigue  test  specimen.  (Note:  gage  section  was  low-stress  ground  to 
a  final  surface  finish  of  8  Ra  and  then  hand-polished  longitudinally  to  remove  all 

circumferential  scratches.) 
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All  dimensions  in  inches. 


(a) 


-  0.200 


—  1.500  — 


5.550 


all  dimensions  in  inches 


(b) 


Figure  3.  Geometry  of  fatigue  crack  growth  rate  (a)  C(T)  and  (b)  ESE(T)  test  specimens. 
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All  dimensions  in  inches 

Figure  4.  Geometry  of  fracture  toughness  C(T)  test  specimen. 
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Figure  5.  Geometry  of  stress  corrosion  cracking  (SCC)  test  specimen. 


Test  Methods  -  The  test  methodologies  used  in  this  investigation  are  listed  in  Table 
1.  With  the  exception  of  stress  corrosion  cracking,  all  of  the  tests  were  performed  in 
accordance  with  applicable  ASTM  standards.  All  testing  was  performed  in  ambient 
laboratory  conditions  (approximately  72°F  and  50%  relative  humidity). 
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Table  1.  Test  Methodology 


Test 

ASTM  Method 

Tension  (Modulus) 

E  111-04  "Standard  Test  Method  for  Young’s  Modulus, 
Tangent  Modulus,  and  Chord  Modulus” 

Tension 

E  8/E  8M-08  "Standard  Test  Methods  for  Tension  Testing 
of  Metallic  Materials" 

Fatigue  (force-controlled) 

E  466-07  "Standard  Practice  for  Conducting  Force 
Controlled  Constant  Amplitude  Axial  Fatigue  Tests  of 
Metallic  Materials" 

Fatigue  (strain-controlled) 

E  606-04  "Standard  Practice  for  Strain-Controlled  Fatigue 
Testing" 

Fatigue  Crack  Growth  Rate 

E  647-08  "Standard  Test  Method  for  Measurement  of 
Fatigue  Crack  Growth  Rates" 

Fracture  Toughness 

E  399-08  "Standard  Test  Method  for  Linear-Elastic  Plane- 
Strain  Fracture  Toughness  Kic  of  Metallic  Materials" 

Stress  Corrosion  Cracking 

Similar  to  G  64-99  "Standard  Classification  of  Resistance 
to  Stress-Corrosion  Cracking  of  Heat-Treatable  Aluminum 
Alloys" 

Applied  stress  =  75%  of  specification  tensile  yield 
strength  /  40  days 

3.5%  NaCl  solution  -  alternate  immersion  (10  min  wet/50 
min  dry) 

Tension  (Modulus)  -  Prior  to  performing  full-range  tension  testing,  approximately 
10%  of  the  machined  tension  specimens  were  used  to  generate  modulus  data  using  the 
procedures  outlined  in  ASTM  Elll.  For  this  testing  the  specimens  were  loaded  to  a 
maximum  stress  below  the  proportional  limit,  so  as  to  remain  within  the  linear  region  of 
the  stress-strain  curve.  The  test  was  repeated  three  times  per  specimen,  with  the  specimen 
being  rotated  120°  between  test  runs.  Strain  was  measured  using  an  MTS  averaging 
extensometer  (B-l  classification)  with  a  one-inch  gage  length.  The  average  modulus  from 
the  three  runs  was  recorded  as  the  final  elastic  modulus. 

Tension  -  Tension  testing  was  performed  on  an  Instron  electro-mechanical  test 
machine  in  accordance  with  ASTM  E8.  Strain  was  measured  using  an  Instron  one-inch  gage 
length  extensometer.  The  extensometer  was  removed  from  the  specimen  prior  to  reaching 
ultimate  load  to  prevent  damage  to  the  instrument  during  specimen  breakage.  Elongation 
and  reduction  of  area  measurements  were  made  using  the  "fit-back"  method. 

Fatigue  (Force-controlled)  -  Axial  fatigue  testing  was  performed  under  force- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
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E466.  Stress  ratios  (R)  of  0.05  and  -1  were  used  in  this  investigation.  Replicate  specimens 
were  tested  at  four  applied  stress  levels  for  each  of  the  stress  ratios. 

Fatigue  ( Strain-controlled )  -  Axial  fatigue  testing  was  performed  under  strain- 
controlled  conditions  using  an  MTS  servo-hydraulic  test  machine  in  accordance  with  ASTM 
E606.  An  MTS  one-inch  gage  length  extensometer  was  used  for  strain  measurement.  The 
testing  frequency  used  was  1  Hz.  Strain  ratios  (R£  =  Smin/Smax)  of  0.05  and  -1  were  used  for 
these  specimens. 

Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  testing  was  performed  on  an 
MTS  servo-hydraulic  test  machine  per  ASTM  E647  using  computer  data  acquisition  and 
control  systems  developed  in-house.  Crack  length  was  measured  via  compliance 
techniques  with  standard  crack-opening-displacement  (COD)  gages.  Testing  was 
performed  under  K-control  (normalized  K-gradient,  C--2 )  until  a  near-threshold  growth 
rate  was  obtained,  at  which  point  the  test  was  then  run  under  constant  amplitude  (constant 
load)  conditions  for  the  remainder  of  the  test.  Initial  and  final  crack  lengths  were 
measured  optically  for  use  in  post-test  crack  correlation  calculations.  A  test  frequency  of 
25  Hz  was  used  throughout  the  test,  with  humidity  maintained  at  50%  ±10%  for  the 
duration  of  the  test.  Specimens  were  tested  using  stress  ratios  (R)  of  0.1  and  0.7.  Two 
orientations  were  tested  for  this  program,  L-T  and  S-L,  where  the  first  letter  indicates  the 
loading  direction  and  the  second  letter  indicates  the  direction  of  crack  propagation.  The 
compact,  C(T),  specimen  geometry  was  utilized  for  the  S-L  orientation  specimens  extracted 
from  the  4.5”  thick  billet  material  (14824)  due  to  thickness  limitations  which  would 
prevent  the  eccentrically-loaded  single  edge  crack  tension,  ESE(T),  specimen  from  being 
used. 


Fracture  Toughness  -  Plane-strain  fracture  toughness  tests  were  performed  in 
accordance  with  ASTM  E399  on  a  Tinius-Olsen  electro-mechanical  test  machine.  Specimen 
precracking  was  performed  on  an  MTS  servo-hydraulic  test  machine.  Crack  length  was 
monitored  via  compliance  techniques  using  an  MTS  COD  gage  as  previously  described. 
Initial  and  final  crack  lengths  were  measured  optically  post-test. 

Stress  Corrosion  Cracking  -  The  theory  behind  this  testing  was  that  since  the  billet 
material  had  not  been  subject  to  final  hot  working,  the  microstructure  may  not  have  been 
fully  homogenized,  increasing  the  potential  for  localized  aluminum  segregation.  If  this 
were  to  occur,  aluminum-rich  areas  would  be  more  susceptible  to  the  effect  of  stress 
corrosion  cracking,  particularly  at  the  applied  stress  levels  employed  in  this  investigation. 

For  this  investigation,  stress  corrosion  cracking  tests  were  therefore  performed  to 
obtain  pass/fail  results.  As  there  is  currently  no  ASTM  test  method  for  SCC  of  titanium 
alloys,  the  procedure  outlined  in  ASTM  G64  ("A"  level)  was  used.  This  procedure  was 
previously  adopted  for  use  within  AFRL/RXSCE  as  a  standard  SCC  test.  Specimens  were 
axially  loaded  (statically)  in  an  alternate  immersion,  3.5%  NaCl  solution  such  that  the 
specimens  were  submerged  in  the  solution  for  10  minutes  and  then  allowed  to  dry  for  the 
next  50  minutes  each  hour.  The  specimens  were  loaded  at  75%  of  the  specification  yield 
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strength  (for  plate  and  bar).  For  Ti-6A1-4V,  the  applied  stress  was  90  ksi.  For  Ti-6A1-6V- 
2Sn,  the  applied  stress  was  101.3  ksi.  The  test  duration  was  set  at  40  days.  To  pass  the 
test,  no  specimen  could  fail  during  this  40  day  loading  cycle;  failure  being  breakage  of  the 
test  specimen  or  evidence  of  corrosion-related  damage  (i.e.  pitting). 


FACTUAL  DATA 


For  the  testing  described  above,  analyses  were  performed  to  establish  RLBs  for  each 
property,  excluding  stress  corrosion  cracking.  Statistical  methodologies  were  utilized  in 
the  analysis  of  tensile  strength  (ultimate  and  yield),  fatigue  (S-N  and  e-N),  and  fatigue  crack 
growth  rate.  RLBs  for  tensile  ductility  (elongation  and  reduction  of  area),  elastic  modulus, 
and  fracture  toughness  were  based  on  the  lowest  property  in  the  population.  It  should  be 
noted  that  the  elastic  modulus  results  used  for  the  RLB  determination  were  those 
generated  from  the  tensile  test  stress-strain  curve.  Since  there  was  a  relatively  small 
difference  between  the  ASTM  El  11  testing  and  those  from  the  tensile  test,  the  larger 
population  from  the  latter  was  used  for  the  analysis  population.  As  stress  corrosion 
cracking  consisted  of  pass/fail  testing,  no  further  analysis  was  performed  on  the  results 
from  this  testing. 

As  the  populations  for  testing  consisted  of  billet  materials  rather  than  properly 
processed  plate  or  bar,  billet-to-billet  and  L  vs.  S  orientation  combinabilities  were  forced 
during  the  analyses.  For  example,  the  longitudinal  and  short-transverse  orientation  results 
from  Billet  A  were  combined  together  with  the  same  from  Billet  B  to  create  one  complete 
population.  For  the  control  plate  materials,  only  data  from  the  L-orientation  was  used  in 
the  analyses. 

The  statistical  analyses  used  on  tensile  strength  results  were  performed  by  Battelle 
using  methodologies  similar  to  those  prescribed  for  MMPDS  "A”  basis  allowables.  For  this 
investigation,  normal-distribution  statistical  methods  were  used  for  the  determination  of 
the  RLBs  for  ultimate  tensile  strength  and  tensile  yield  strength.  In  statistical  terms,  the 
RLBs  presented  herein  for  tensile  strength  are  the  one-sided  lower  tolerance  limit, 
representing  a  95%  confidence  limit  on  the  first  percentile  of  the  distribution.  These 
preliminary  RLB  values  were  then  compared  against  the  material  specification  minimum 
values  and  MMPDS  "A”  basis  allowables  (where  available).  The  lower  of  these  values  were 
used  as  the  final  RLB. 

Fatigue  analyses  were  also  performed  by  Battelle,  again  using  procedures  similar  to 
those  used  in  MMPDS.  Equivalent  stress  (or  strain)  equations  were  developed  on  the  data 
sets  for  billet  and  plate.  In  order  to  establish  lower  bounds  for  the  populations,  -2  sigma 
curves  were  calculated  from  the  equivalent  stress  (or  strain)  equations  for  each  dataset. 
Since  there  weren’t  established  lower  bound  properties  to  compare  against,  the  plate  data 
developed  under  this  program  was  used  as  the  baseline  for  comparison.  The  life  factors  for 
fatigue  stated  in  the  following  sections  are  based  on  the  worst  case  difference  where  billet 
had  a  lower  life  than  plate. 
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The  statistical  analyses  for  fatigue  crack  growth  rate  were  performed  by  the 
University  of  Dayton.  Power-law  curves  were  initially  fit  to  the  data  populations  to 
represent  the  mean  behavior.  In  order  to  establish  a  bound  on  the  population,  95% 
confidence  limits  were  calculated  for  log  (da/dN)  at  given  values  of  log  (AK).  As  with 
fatigue  testing,  since  there  weren’t  established  lower  bound  properties  to  compare  against, 
the  plate  data  developed  under  this  program  was  used  as  the  baseline  for  comparison.  The 
life  factors  for  fatigue  crack  growth  rate  stated  in  the  following  sections  are  based  on  the 
worst  case  difference  where  billet  had  a  lower  life  than  plate. 

Fatigue  &  fatigue  crack  growth  rate  life  factors  discussed  in  this  report  that 
describe  the  relationship  between  titanium  billet  and  plate  should  be  used  for  initial 
screening  purposes  only.  These  factors  represent  worst  case  comparisons  FOR  ONLY 
TWO  STRESS  RATIOS;  factors  approach  1.0  at  certain  regions  of  the  curves  from  which 
the  factors  were  derived.  If  a  program's  initial  screening  indicates  that  sufficient 
maintenance  intervals  continue  to  exist  for  titanium  components,  no  further  analysis  is 
required.  However,  if  maintenance  intervals  are  found  to  be  unacceptable  during  an 
initial  screening  using  the  published  factors,  a  program  may  conduct  further  analysis 
using  the  full  range  of  the  test  data  provided  by  AFRL  supplemented,  as  appropriate, 
with  test  data  and  analysis  generated  by  the  program. 

Ti-6Al-4V 

Tension  -  Histograms  for  the  tensile  strength,  elongation,  and  elastic  modulus 
results  are  shown  in  Figures  1-4.  Also  shown  on  these  histograms  are  the  AMS-T-9046 
specification  minimum  values  (MMPDS  typical  value  shown  for  elastic  modulus).  It  is 
readily  apparent  from  Figures  1  and  2  that  the  control  plate  exhibited  higher  strength 
properties  when  compared  to  the  two  billets.  It  is  also  obvious  that,  with  the  exception  of  a 
few  ultimate  strength  values,  the  billets  were  able  to  meet  the  specification  minimum 
properties  for  strength.  However,  for  elongation,  Billet  75838  had  multiple  (11  of  100  total 
specimens)  results  that  fell  below  the  plate  specification  minimum  value.  With  respect  to 
elastic  modulus,  although  the  minimum  value  is  to  be  used  as  the  RLB,  the  mean  values  for 
the  billet  populations  were  equal  to  or  higher  than  the  MMPDS  typical  value. 

Sample  statistics  for  ultimate  tensile  strength  and  tensile  yield  strength  are  shown 
in  Table  2.  As  stated  earlier,  normal  distribution  statistics  were  applied  to  the  population 
in  order  to  determine  the  preliminary  RLB.  These  values  were  then  compared  with  the 
specification  minimum  properties  and  the  MMPDS  A-basis  allowables.  The  lower  of  these 
values  have  been  designated  as  the  final  RLB. 
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Figure  1.  Histogram  of  Ti-6A1-4V  ultimate  tensile  strength  results. 
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Frequency  of  Occurrence 


Fty  (ksi) 

Figure  2.  Histogram  of  Ti-6A1-4V  tensile  yield  strength  results. 
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Figure  3.  Histogram  of  Ti-6A1-4V  tensile  elongation  results. 
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Frequency  of  Occurrence 


Elastic  Modulus  (msi) 


Figure  4.  Histogram  of  Ti-6A1-4V  elastic  modulus  results. 
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Table  2.  Ti-6A1-4V  tensile  property  analysis. 


Statistic 

F t„  (ksi) 

F ty  (ksi) 

Elongation 

(%) 

Reduction 

of  Area 

(%) 

Elastic 

Modulus 

(msi) 

Mean 

135.34 

126.62 

13.8 

24.8 

16.7 

Std.  Dev. 

2.31 

1.77 

2.23 

4.77 

0.53 

COV 

1.71% 

1.40% 

- 

- 

- 

Skewness 

0.15 

-0.25 

- 

- 

- 

Sample  Size 

301 

301 

299 

301 

301 

Preliminary  RLB 

130 

122 

6.7 

10 

15.3 

AMS-T-9046 
Spec  Min 

130 

120 

10 

n/a 

n/a 

AMS-T-9047 
Spec  Min 

130 

120 

10 

25  [<  4"] 
20  [4" -6"] 

n/a 

MMPDS  A-basis 

allowable 

130 

118 

* 

10 

n/a 

16. 0+ 

Final  RLB 

130 

118 

6.7 

10 

15.3 

*:  MMPDS  S-basis 
+:  MMPDS  typical 


Fatigue  (force-controlled)  -  The  -2  sigma  analysis  of  force-controlled  axial  fatigue 
test  results  are  shown  graphically  in  Figure  5.  The  curves  shown  were  based  on  equations 
of  the  form: 


logiYf  =Aj_+A2  log(5majt  -  A3 ) 


where: 

Nf  is  the  number  of  cycles  to  failure, 

Smax  is  the  maximum  applied  stress,  and 

A\,  A2,  ^3  are  coefficients  determined  by  analysis. 

Coefficients  for  each  curve  are  shown  in  Table  3.  The  curves  are  plotted  only  between  the 
stress  levels  applied  during  testing.  No  further  extrapolation  was  performed. 

As  can  be  seen  in  Figure  5,  the  largest  decrement  for  billet,  when  compared  against 
plate,  occurs  at  the  120  ksi  stress  level  for  R=0.05.  At  this  stress  level,  the  billet  specimens 
only  exhibited  61%  of  the  plate  specimens'  fatigue  life.  Therefore,  the  life  factor  for  force- 
controlled  fatigue  is  0.61,  as  shown  in  Table  4.  As  stated  earlier,  this  life  factor  is  based  on 
a  worst-case  difference  where  billet  had  a  lower  life  and  was  based  on  comparisons  for 
only  two  stress  ratios.  In  some  cases,  the  factors  are  equal  to  or  greater  than  1.0.  This 
factor  should  be  used  for  initial  screening  purposes  only. 
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Figure  5.  Ti-6A1-4V  force-controlled  axial  fatigue  analysis  results. 


Table  4.  Ti-6A1-4V  force-controlled  axial  fatigue  -2  sigma  equation  coefficients. 


Product  Form 

Stress  Ratio 

-2  Sigma  Equation  Coefficients 

Ai 

a2 

As 

Plate 

0.05 

14.104 

-4.677 

0.00 

-1 

5.541 

-0.993 

56.60 

Billet 

0.05 

15.531 

-5.464 

0.00 

-1 

6.497 

-1.663 

55.60 

Table  5.  Life  factor  for  Ti-6A1-4V  force-controlled  axial  fatigue. 


Ti-6AI-6V-2Sn 
S-N  Life  Factor 
061 
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Fatigue  ( strain-controlled 1  -  The  results  of  strain-controlled  axial  fatigue  analysis 
are  shown  graphically  in  Figure  6,  with  individual  results  tabulated  in  Table  5  for  specific 
strain  ranges.  Since  there  were  significant  differences  in  the  cyclic  response  and  strain- 
control  fatigue  resistance  between  the  L  and  S  orientation  for  both  plate  and  billet,  the 
decision  was  made  to  not  combine  these  results  during  the  determination  of  the  -2a  curves. 

As  can  be  seen  in  Figure  6(a),  the  largest  decrement  for  billet,  when  compared 
against  plate,  occurs  at  the  strain  range  of  0.009  in/in  for  R=0.05,  in  the  S-orientation.  At 
this  strain  range,  the  billet  specimens  only  exhibited  70%  of  the  plate  specimens  fatigue 
life.  Therefore,  the  life  factor  for  strain-controlled  fatigue  is  0.70,  as  shown  in  Table  6.  As 
stated  earlier,  this  life  factor  is  based  on  a  worst-case  difference  where  billet  had  a  lower 
life  and  was  based  on  comparisons  for  only  two  stress  ratios.  In  some  cases,  the  factors  are 
equal  to  or  greater  than  1.0.  This  factor  should  be  used  for  initial  screening  purposes  only. 


(a) 
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Strain  range  (in/in) 


(b) 

Figure  6.  Ti-6A1-4V  strain-controlled  axial  fatigue  analysis  results  for 
(a)  R£  =  0.05  and  (b)  RE  =  -1. 
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Table  5.  Ti-6A1-4V  strain-controlled  axial  fatigue  analysis. 


(a)  R£  =  0.05 


Product 

Form 

Orient¬ 

ation 

Strain 

Range 

Strain 

Ratio 

Fatigue  Life,  cycles 

Avg. 

-2  Sigma 

Plate 

L 

0.0090 

0.05 

9,120 

5,880 

S 

0.0090 

0.05 

19,710 

12,260 

Billet 

L 

0.0090 

0.05 

19,380 

12,060 

S 

0.0090 

0.05 

13,490 

8,540 

Plate 

L 

0.0100 

0.05 

6,040 

3,980 

S 

0.0100 

0.05 

11,050 

7,070 

Billet 

L 

0.0100 

0.05 

11,620 

7,410 

S 

0.0100 

0.05 

7,640 

4,970 

Plate 

L 

0.0120 

0.05 

2,980 

2,030 

S 

0.0120 

0.05 

4,070 

2,730 

Billet 

L 

0.0120 

0.05 

5,000 

3,320 

S 

0.0120 

0.05 

2,970 

2,020 

Plate 

L 

0.0150 

0.05 

1,320 

940 

S 

0.0150 

0.05 

1,240 

880 

Billet 

L 

0.0150 

0.05 

2,060 

1,430 

S 

0.0150 

0.05 

1,130 

810 

Plate 

L 

0.0200 

0.05 

450 

330 

S 

0.0200 

0.05 

270 

210 

Billet 

L 

0.0200 

0.05 

660 

490 

S 

0.0200 

0.05 

340 

260 
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(b)  Re  =  -1 


Product 

Form 

Orient¬ 

ation 

Strain 

Range 

Strain 

Ratio 

Fatigue  Life,  cycles 

Avg. 

-2  Sigma 

Plate 

L 

0.0090 

-1.00 

11,750 

7,500 

S 

0.0090 

-1.00 

29,590 

18,050 

Billet 

L 

0.0090 

-1.00 

34,160 

20,690 

S 

0.0090 

-1.00 

25,960 

15,940 

Plate 

L 

0.0100 

-1.00 

7,380 

4,810 

S 

0.0100 

-1.00 

15,410 

9,700 

Billet 

L 

0.0100 

-1.00 

18,530 

11,560 

S 

0.0100 

-1.00 

13,140 

8,330 

Plate 

L 

0.0120 

-1.00 

3,340 

2,260 

S 

0.0120 

-1.00 

5,010 

3,330 

Billet 

L 

0.0120 

-1.00 

6,860 

4,490 

S 

0.0120 

-1.00 

4,300 

2,880 

Plate 

L 

0.0150 

-1.00 

1,340 

950 

S 

0.0150 

-1.00 

1,340 

950 

Billet 

L 

0.0150 

-1.00 

2,380 

1,640 

S 

0.0150 

-1.00 

1,370 

970 

Plate 

L 

0.0200 

-1.00 

450 

330 

S 

0.0200 

-1.00 

270 

210 

Billet 

L 

0.0200 

-1.00 

660 

490 

S 

0.0200 

-1.00 

340 

260 

Table  6.  Life  factor  for  Ti-6A1-4V  strain-controlled  axial  fatigue. 


Ti-6AI-6V-2Sn 
s-N  Life  Factor 
070 


Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  analysis  results  curves  are 
shown  in  Figures  7  and  8  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  These  curves 
were  based  on  a  95%  statistical  upper  bound  on  predicted  values  of  da/dN.  To  accomplish 
this,  a  linear  regression  was  fit  to  determine  a  linear  model  relating  log  (da/dN)  to  log  (AK). 
The  95%  prediction  limits  were  calculated  such  that  there  was  a  95%  confidence  that  the 
prediction  limits  would  contain  any  future  data  value  of  log  (da/dN)  at  a  given  value  of  log 
(AK).  The  equations  for  these  predictions  are  shown  in  the  figures. 

As  previously  reported  [2,  3,  4]  the  fatigue  crack  growth  rate  results  for  both  billet 
and  plate  were  below  those  as  shown  in  MMPDS-04  Figure  5.4.1. 1.9(al)  for  Ti-6A1-4V 
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plate.  Therefore,  although  there  is  a  small  statistical  difference  between  the  combined 
billet  data  and  the  tested  control  plate,  since  both  datasets  exhibited  slower  growth  rates 
than  reference  data  for  both  stress  ratios  tested,  the  life  factor  for  this  alloy  was 
determined  to  be  lx  (as  shown  in  Table  7),  indicating  an  equivalent  life.  (The  reference 
data  is  not  shown  in  the  following  figures  since  it  represents  the  mean  of  the  data  and  not  a 
95%  upper  bound.)  As  stated  earlier,  this  life  factor  is  based  on  a  worst-case  difference 
where  billet  had  a  lower  life  and  was  based  on  comparisons  for  only  two  stress  ratios.  In 
some  cases,  the  factor  approaches  1.0.  This  factor  should  be  used  for  initial  screening 
purposes  only. 


To 

■a 


1  10  100 

AK  (KSlVin) 


Figure  7.  Ti-6A1-4V  fatigue  crack  growth  rate  analysis  results  (R=0.1). 
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Figure  8.  Ti-6A1-4V  fatigue  crack  growth  rate  analysis  results  (R=0.7). 


Table  7.  Life  factor  for  Ti-6A1-4V  fatigue  crack  growth  rate. 


Ti-6AI-4V 

Fatigue  Crack  Growth  Rate 
_ Life  Factor _ 

lx 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  were  not 
statistically  analyzed,  with  the  RLB  being  based  on  the  lowest  value  determined  during 
testing.  This  result  is  shown  in  Table  8. 


Table  8.  Reasonable  lower  bound  for  Ti-6A1-4V  plane  strain  fracture  toughness. 


Ti-6AI-4V 

RLB 

59.8  ksiVin 


Stress  Corrosion  Cracking  -  Stress  corrosion  cracking  tests  had  only  a  pass/fail 
criteria,  therefore  no  analysis  was  performed.  All  specimens  tested  passed  without  issue. 


Ti-6Al-6V-2Sn 

Tension  -  Histograms  for  the  tensile  strength,  elongation,  and  elastic  modulus 
results  are  shown  in  Figures  9-12.  Also  shown  on  these  histograms  are  the  AMS-T-9046 
and  AMS-T-9047  specification  minimum  values  (MMPDS  typical  value  shown  for  elastic 
modulus).  It  is  readily  apparent  from  Figures  9  and  10  that  the  control  plate  exhibited 
higher  strength  properties  when  compared  to  the  two  billets.  It  is  also  obvious  that  the 
billets  were  unable  to  meet  the  specification  minimum  properties  for  plate  (AMS-T-9046)  a 
majority  of  the  time.  As  previously  reported  [3],  there  were  a  few  (3  of  26,  longitudinal 
orientation)  control  plate  specimens  that  also  fell  below  specification  minimum  properties 
for  ultimate  tensile  strength.  When  compared  to  the  minimum  properties  in  AMS-T-9047, 
the  billet  material  had  a  significant  amount  (~36%)  of  specimens  that  fell  below  the 
specification  properties  for  ultimate  tensile  strength,  particularly  in  the  l"-3"  specification 
thickness  range.  With  respect  to  elastic  modulus,  although  the  minimum  value  is  to  be 
used  as  the  RLB,  even  the  mean  values  for  the  billet  populations  were  lower  than  the 
MMPDS  typical  value. 

Also  included  in  the  final  analysis  was  tensile  data  from  earlier  investigations  [6,  7, 
8]  on  components  suspected  of  being  manufactured  from  non-conforming  material.  These 
investigations  reported  numerous  specimens  having  below  specification  strength  results 
and  lower  than  expected  modulus  results. 

Sample  statistics  for  ultimate  tensile  strength  and  tensile  yield  strength  are  shown 
in  Table  9.  As  stated  earlier,  normal  distribution  statistics  were  applied  to  the  population 
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Frequency  of  Occurrence 


in  order  to  determine  the  preliminary  RLB.  MMPDS  A-basis  allowables  have  never  been 
published  for  this  alloy. 


134  136  138  140  142  144  146  148  150  152  154 

Ftu(  ksi) 


Figure  9.  Histogram  of  Ti-6Al-6V-2Sn  ultimate  tensile  strength  results. 
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Frequency  of  Occurrence 


F,y  (ksi) 

Figure  10.  Histogram  of  Ti-6Al-6V-2Sn  tensile  yield  strength  results. 
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Frequency  of  Occurrence 


Elongation  (%) 


Figure  11.  Histogram  of  Ti-6Al-6V-2Sn  tensile  elongation  results. 
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Frequency  of  Occurrence 
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Figure  12.  Histogram  of  Ti-6Al-6V-2Sn  elastic  modulus  results. 


334 

Approved  for  public  release;  distribution  unlimited. 


Table  9.  Ti-6Al-6V-2Sn  tensile  property  analysis. 


Statistic 

Ftu  (ksi) 

*J75 

£ 

Li. 

Elongation 

(%) 

Reduction 

of  Area 

(%) 

Elastic 

Modulus 

(msi) 

Mean 

143.29 

135.81 

16.7 

32.5 

15.4 

Std.  Dev. 

2.119 

1.812 

2.113 

4.936 

0.381 

COV 

1.48% 

1.33% 

- 

- 

- 

Skewness 

0.04 

0.55 

- 

- 

- 

Sample  Size 

388 

387 

387 

387 

388 

Preliminary  RLB 

137 

131 

10% 

19% 

14.2 

AMS-T-9046 
Spec  Min 

145 

135 

8% 

n/a 

16. 0+ 

AMS-T-9047 
Spec  Min 

143  (l"-3") 
137  (3" -4") 

131  (l"-3") 
129  (3" -4") 

10% 

20% 

n/a 

Final  RLB 

137 

131 

10% 

19% 

14.2 

+:  MMPDS  typical 


Fatigue  (force-controlled!  -  The  -2  sigma  analysis  of  force-controlled  axial  fatigue 
test  results  are  shown  graphically  in  Figure  13.  Due  to  the  fact  that  the  data  for  the  two 
stress  ratios  were  not  well  represented  with  the  equivalent  stress  model  (as  used  for  Ti- 
6A1-4V),  the  data  was  analyzed  separately  and  had  separate  standard  error  of  estimate 
curves  (-2  SEE).  The  curves  shown  were  based  on  equations  of  the  form: 

■»  m  nlog  Nf — 2 SEE 

SEE  =  10  r 


Log  Nf  =  At  +  A2 log(5ma;t  -  A3) 


where: 

SEE  varies  with  Smax, 

Nf  is  the  number  of  cycles  to  failure, 

Smax  is  the  maximum  applied  stress,  and 

A\,  Az  A3  are  coefficients  determined  by  analysis. 

Coefficients  for  each  curve  are  shown  in  Table  10.  The  curves  are  plotted  only  between  the 
stress  levels  applied  during  testing.  No  further  extrapolation  was  performed. 

As  shown  in  Figure  13,  the  largest  decrement  for  billet,  when  compared  against 
plate,  occurs  at  the  65  ksi  stress  level  for  R  =  -1.  At  this  stress  level,  the  billet  specimens 
only  exhibited  14%  of  the  plate  specimens’  fatigue  life.  Therefore,  the  life  factor  for  force- 
controlled  fatigue  is  0.14,  as  shown  in  Table  11.  As  stated  earlier,  this  life  factor  is  based  on 
a  worst-case  difference  where  billet  had  a  lower  life  and  was  based  on  comparisons  for 
only  two  stress  ratios.  This  factor  should  be  used  for  initial  screening  purposes  only. 
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Max  Stress  (ksi) 


Figure  13.  Ti-6Al-6V-2Sn  force-controlled  axial  fatigue  analysis  results. 


Table  10.  Ti-6Al-6V-2Sn  force-controlled  axial  fatigue  -2  sigma  equation  coefficients. 


Product 

Stress 

-2  Sigma  Equation  Coefficients 

Form 

Ratio 

Ai 

a2 

a3 

SEE 

Plate 

0.05 

15.456 

-5.140 

19.10 

15.9/ Smax 

-1 

10.550 

-3.764 

54.23 

19.6  /Smax 

Billet 

0.05 

21.862 

-8.127 

0.00 

26.6/ Smax 

-1 

14.599 

-6.004 

44.31 

A8.1/Smax 

Table  11.  Life  factor  for  Ti-6Al-6V-2Sn  force-controlled  axial  fatigue. 


Ti-6AI-6V-2Sn 
S-N  Life  Factor 
014 
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Fatigue  f strain -controlled)  -  The  results  of  strain-controlled  axial  fatigue  analysis 
are  shown  graphically  in  Figure  14,  with  individual  results  tabulated  in  Table  12  for 
specific  strain  ranges.  For  this  alloy,  the  decision  was  made  to  combine  the  L  and  S 
orientation  results  during  the  determination  of  the  -2a  curves. 

As  can  be  seen  in  Figure  14(a),  the  largest  decrement  for  billet,  when  compared 
against  plate,  occurs  towards  the  upper  strain  ranges  for  R=0.05.  At  this  strain  range,  the 
billet  specimens  only  exhibited  69%  of  the  plate  specimens’  fatigue  life.  Therefore,  the  life 
factor  for  strain-controlled  fatigue  is  0.69,  as  shown  in  Table  13.  As  stated  earlier,  this  life 
factor  is  based  on  a  worst-case  difference  where  billet  had  a  lower  life  and  was  based  on 
comparisons  for  only  two  stress  ratios.  In  some  cases,  the  factors  are  equal  to  or  greater 
than  1.0.  This  factor  should  be  used  for  initial  screening  purposes  only. 


(a) 
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Strain  range  (in/in) 


(b) 

Figure  14.  Ti-6Al-6V-2Sn  strain-controlled  axial  fatigue  analysis  results  for 

(a)  R£  =  0.05  and  (b)  RE  =  -1. 
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Table  12.  Ti-6A1-4V  strain-controlled  axial  fatigue  analysis. 


(a)  R£  =  0.05 


Product 

Form 

Strain 

Range 

Strain 

Ratio 

Fatigue  Life,  cycles 

Avg. 

-2  Sigma 

Plate 

0.0083 

0.05 

27,975 

18,398 

Billet 

0.0083 

0.05 

36,612 

18,777 

Plate 

0.0101 

0.05 

13,044 

8,578 

Billet 

0.0101 

0.05 

14,501 

7,437 

Plate 

0.0120 

0.05 

6,772 

4,454 

Billet 

0.0120 

0.05 

6,561 

3,365 

Plate 

0.0154 

0.05 

2,594 

1,706 

Billet 

0.0154 

0.05 

2,288 

1,173 

Plate 

0.0179 

0.05 

1,472 

968 

Billet 

0.0179 

0.05 

1,361 

698 

(b)  R£  =  -1 


Product 

Form 

Strain 

Range 

Strain 

Ratio 

Fatigue  Life,  cycles 

Avg. 

-2  Sigma 

Plate 

0.0101 

-1.00 

24,655 

16,215 

Billet 

0.0101 

-1.00 

35,979 

18,452 

Plate 

0.0120 

-1.00 

10,469 

6,885 

Billet 

0.0120 

-1.00 

12,657 

6,491 

Plate 

0.0139 

-1.00 

4,879 

3,209 

Billet 

0.0139 

-1.00 

5,235 

2,685 

Plate 

0.0162 

-1.00 

2,376 

1,563 

Billet 

0.0162 

-1.00 

2,470 

1,267 

Plate 

0.0179 

-1.00 

1,472 

968 

Billet 

0.0179 

-1.00 

1,518 

779 

Table  13.  Life  factor  for  Ti-6Al-6V-2Sn  strain-controlled  axial  fatigue. 


Ti-6AI-6V-2Sn 
e-N  Life  Factor 
069 
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Fatigue  Crack  Growth  Rate  -  Fatigue  crack  growth  rate  analysis  results  curves  are 
shown  in  Figures  15  and  16  for  stress  ratios  (R)  of  0.1  and  0.7,  respectively.  These  curves 
were  based  on  a  95%  statistical  upper  bound  on  predicted  values  of  da/dN.  To  accomplish 
this,  a  linear  regression  was  fit  to  determine  a  linear  model  relating  log  (da/dN)  to  log  (AK). 
The  95%  prediction  limits  were  calculated  such  that  there  was  a  95%  confidence  that  the 
prediction  limits  would  contain  any  future  data  value  of  log  (da/dN)  at  a  given  value  of  log 
(AK).  The  equations  for  these  predictions  are  shown  in  the  figures. 

The  fatigue  crack  growth  rate  results  from  previous  investigations  [6,  8]  on  suspect 
F-15  components  were  also  included  in  this  analysis.  This  data  actually  produced  the 
fastest  growth  rates  when  compared  to  both  plate  and  billets  at  the  stress  ratio  of  R=0.1. 
Therefore,  the  largest  statistical  difference  was  between  the  component  data  and  the  tested 
control  plate,  giving  the  life  factor  for  this  alloy  as  2x,  indicating  that  non-conforming 
material  had  crack  growth  rates  twice  that  of  properly  processed  plate  material.  (It  should 
be  noted  that  handbook  reference  data  was  not  available  for  this  alloy.)  As  stated  earlier, 
this  life  factor  is  based  on  a  worst-case  difference  where  billet  had  a  lower  life  and  was 
based  on  comparisons  for  only  two  stress  ratios.  In  some  cases,  the  factor  approaches  1.0. 
This  factor  should  be  used  for  initial  screening  purposes  only. 
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Figure  15.  Ti-6Al-6V-2Sn  fatigue  crack  growth  rate  analysis  results  (R=0.1). 
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1  10  100 

AK  (KSlVin) 


Figure  16.  Ti-6Al-6V-2Sn  fatigue  crack  growth  rate  analysis  results  (R=0.7). 


Table  15.  Life  factor  for  Ti-6Al-6V-2Sn  fatigue  crack  growth  rate. 


Ti-6AI-6V-2Sn 
Fatigue  Crack  Growth  Rate 
_ Life  Factor _ 

2x 
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Fracture  Toughness  -  Plane-strain  fracture  toughness  test  results  were  not 
statistically  analyzed,  with  the  RLB  being  based  on  the  lowest  value  determined  during 
testing.  This  result  is  shown  in  Table  16. 


Table  16.  Reasonable  lower  bound  for  Ti-6Al-6V-2Sn  plane  strain  fracture  toughness. 


Ti-6AI-6V-2Sn 

RLB 

55.7  ksiVin 


Stress  Corrosion  Cracking  -  Stress  corrosion  cracking  tests  had  only  a  pass/fail 
criteria,  therefore  no  analysis  was  performed.  All  specimens  tested  passed  without  issue. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Improperly  processed  materials  can  have  material  properties  that  do  not  meet 
specifications  and  requirements.  This  report  has  documented  this  for  the  titanium  alloys 
Ti-6A1-4V  and  Ti-6Al-6V-2Sn. 

Engineers  and  designers  must  account  for  reduced  properties  when  assessing  the 
integrity  and  safety  of  components  that  are,  or  may  have  been,  made  with  improperly 
processed  materials.  This  report  provides  data  for  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  that 
should  be  used  in  such  assessments. 
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SECTION  1 
INTRODUCTION 


An  investigation  was  conducted  at  the  request  of  USAF  to  evaluate  the  potential  risk 
associated  with  improperly  processed  titanium  material  being  used  in  the  fabrication  of  critical 
safety  items  and  safety-of-flight  components  in  USAF,  DoD,  NASA,  FAA,  and  other  systems. 
The  suspect  Ti  material  herein  referred  to  as  “billet”  or  “reforging  stock,”  was  never  intended  to 
be  machined  to  the  final  fonns  in  which  it  is  now  possibly  being  used.  As  such,  an  R&D  testing 
program  was  initiated  to  develop  engineering  design  data  on  a  heretofore  not  fully  characterized 
form  of  Ti. 

To  assist  in  this  effort  to  characterize  mechanical  properties  of  billet  materials,  UD  was 
asked  to  perform  statistical  analysis  on  fatigue  crack  growth  rate  (FCGR)  properties  to  compare 
several  billets  materials  with  properly-processed  baseline  materials.  The  analysis  protocols, 
results,  and  conclusions  are  presented  in  the  following  sections. 
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SECTION  2 

TECHNICAL  ANALYSIS  DETAIL 


2.1  Discussion  of  Models  Considered  and  Justification  for  Use  of  the  Paris  Model 


The  graphs  of  da/dN  versus  AK  on  a  Log-Log  showed  that  a  linear  model  on  that  scale 
would  fit  the  data  very  well.  Other  models  were  considered  such  as  the  Walker  equation  and  a 

cubic  spline  fit  of  the  relationship  between  da/dN  versus  AK  but  the  goodness  of  the  linear  lit  as 

2 

indicated  by  the  graphs  of  da/dN  versus  AK  on  a  Log-  Log  scale  as  well  as  the  high  values  of  R 
(an  R2  =  1  indicates  a  perfect  linear  fit  of  the  data).  The  linear  model  relating  Log( da/dN)  to 
Log(AK)  was  determined  to  give  a  more  than  adequate  fit  to  the  data. 

Using  standard  commercially  available  statistical  software,  a  linear  regression  line  was  fit 
to  determine  the  linear  model  relating  Log(da/dN)  to  Log  AK)  For  each  linear  regression  model 
lit  to  the  data,  ninety  five  percent  prediction  limits  of  prediction  were  calculated  The  95% 
prediction  limits  are  calculated  such  that  there  is  95%  confidence  that  the  prediction  limits  will 
containing  any  future  data  value  of  Log(da/dN)  at  any  given  value  of  Log(AK).  Since  the 
prediction  limits  are  two  sided  and  only  the  upper  value  is  of  interest,  the  upper  limit  has  97.5  % 
confidence  that  future  data  values  of  Log(da/dN)  will  lie  below  the  calculated  limit. 

2.2  Comparison  of  Billets  75838  and  K27P  (Combined  Orientations)  with  95%  Prediction 
Values  for  Plate  J91K  (Combined  Orientations)  with  R  =  0.1 

The  data  for  the  combined  billets  75838  and  K27P  are  plotted  in  Figure  1.  Upper  95% 
prediction  values  for  combined  billets  75838  and  K27P  and  plate  J91K  were  calculated.  Figure  2 
shows  only  the  upper  95%  calculated  limits  of  prediction  for  future  values. 

Next  two  sample  t-tests  were  performed  to  detennine  if  the  differences  between  the  billet 
values  and  the  plate  values  were  statistically  significant.  The  tests  for  statistical  significance 
were  performed  at  fixed  values  of  Log(AK). 

In  this  case  Log(AK)  =  1.0,  1.2,  and  1.4. 
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Figure  1.  Comparison  of  Billets  75838  &  K27P  with  J91K  Plate  Data  at  R=0.1 
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Figure  2.  Comparison  of  Billets  75838  &  K27P  with  J91K  Plate  Trend  Lines  at  R=0.1 
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2.2.1  Comparison  at  Log(AK)  =1  for  95%  Predicted  Values ,  R  =  0.1 


Two-Sample  T-Test  and  Cl:  Combined  Billet  75838  and  K27P  Log(AK)  =1,  Plate 

N  Mean _ Standard  Deviation _ SE  Mean 

Billet  28  -6.0154  0.0304  0.0057 

Plate  29  -6.2256  0.0769  0.014 

Difference  =  mu  (Billet  Log(AK)  = 1 )  -  mu  (Plate  Log(AK)  = 1 ) 

Estimate  for  difference:  0.210173 

95%  Cl  for  difference:  (0.178967,  0.241378) 

T-Test  of  difference  =  0  (vs  not  =):  T-Value  =  13.66  P-Value  =  0.000  DF  =  36 

•  The  difference  is  statistically  significant  at  the  0.05  significance  level. 

2.2.2  Comparison  at  Log(AK)  =1.2  for  95%  Predicted  Values,  R  =  0.1 

Two-Sample  T-Test  and  Cl:  Combined  Billet  75838  and  K27P  Log(AK)  =1.2,  Plate 
Log(AK)  =1.2 

N _ Mean _ Standard  Deviation _ SE  Mean 

Billet  22  -5.1460  0.0321  0.0068 

Plate  14  -5.3173  0.0519  0.014 

Difference  =  mu  (Billet  Log(AK)  =1.2)  -  mu  (Plate  Log(AK)  =1.2) 

Estimate  for  difference:  0. 1 71250 

95%  Cl  for  difference:  (0.138889,  0.203610) 

T-Test  of  difference  =  0  (vs  not  =):  T-Value  =  11.08  P-Value  =  0.000  DF  =  19 

•  The  difference  is  statistically  significant  at  the  0.05  significance  level. 

2.2.3  Comparison  at  Log(AK)  =1.4  for  95%  Predicted  Values 

Two-Sample  T-Test  and  Cl:  Combined  Billet  75838  and  K27P  Log(AK)  =1.4,  Plate 
Log(AK)  =1.4 

N  Mean _ Standard  Deviation _ SE  Mean 

Billet  18  -4.3264  0.0388  0.0092 

Plate  7  -4.438  0.148  0.056 

Difference  =  mu  (Billet  Log(AK)  =1.4)  -  mu  (Plate  Log(AK)  =14) 

Estimate  for  difference:  0.111511 

95%  Cl  for  difference:  (-0.027386,  0.250409) 

T-Test  of  difference  =  0  (vs  not  =):  T-Value  =  1.96  P-Value  =  0.097  DF  =  6 

•  The  difference  is  not  statistically  significant  at  the  0.05  significance  level. 
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2.3  Comparison  of  Combined  Billets  75838  and  K27P  with  95%  Prediction  Values  for  Plate 

J91K  with  R  =  0.7 


The  data  for  the  combined  billets  75838  and  K27P  are  plotted  in  Figure  3. Upper  95% 
prediction  values  for  combined  billets  75838  and  K27P  and  plate  J91K  were  calculated.  Figure  4 
shows  only  the  upper  95%  calculated  limits  of  prediction  for  future  values. 

Next  two  sample  t-tests  were  performed  to  determine  if  the  differences  between  the  billet 
values  and  the  plate  values  were  statistically  significant.  The  tests  for  statistical  significance 
were  performed  at  fixed  values  of  Log(AK). 

In  this  case  Log(AK)  =  0.6,  0.85,  and  1.1. 
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Figure  3.  Comparison  of  Billets  75838  &  K27P  with  Plate  J91K  Data  at  R=0.7 
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2.3.1  Comparison  at  Log(AK)  = 0.6  for  95%  Predicted  Values ,  R  =0.7 

Two-Sample  T-Test  and  Cl:  Combined  Billets  vs  Plate  J91K  at  Log(AK)=0.6 

N_ _ Mean  Standard  Deviation  SE  Mean 

Combined  17  -6.9723  0.0321  0.0078 

Plate  J9  12  -6.9808  0.0852  0.025 

Difference  =  mu  Combined  Billets  Log(AK)=.6  -  mu  Plate  J91K  Log(AK)=.6 

Estimate  for  difference:  0.0085 

95%  Cl  for  difference:  (-0.0378,  0.0547) 

T-Test  of  difference  =  0  (vs  not  =):  T-Value  =  0.38  P-Value  =  0.710  DF  =  27 
Both  use  Pooled  StDev  =  0.0598 

•  The  difference  between  the  combined  billet  95%  predicted  values  and  the  Plate  95% 
predicted  values  is  NOT  statistically  significant  at  the  0.05  significance  level  at 
Log(AK)  =0.6. 
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2.3.2  Comparison  at  Log(AK)  =0.85  for  95%  Predicted  Values,  R  =0.7 


Two-Sample  T-Test  and  Cl:  Combined  Billets  vs  Plate  J91K  for  Log(AK)  =0.85 

N _ Mean  Standard  Deviation  SE  Mean 

Combined  10  -6.06966  0.00703  0.0022 

Plate  J9  10  -6.1657  0.0254  0.0080 

Difference  =  mu  Combined  Billets  Log(AK)=.8  -  mu  Plate  J91K  Log(AK)=0.85 

Estimate  for  difference:  0.09608 

95%  Cl  for  difference:  (0.07857,  0.11360) 

T-Test  of  difference  =  0  (vs  not  = ):  T-Value  =  11.53  P-Value  =  0.000  DF  =  18 
Both  use  Pooled  StDev  =  0.0186 

•  The  difference  between  the  combined  billet  95%  predicted  values  and  the  Plate  95% 
predicted  values  is  statistically  significant  at  the  0.05  significance  level  at  Log(Delta 
K)  =0.85. 

2.3.3  Comparison  at  Log(AK)  =1.1  for  95%  Predicted  Values,  R  =0.7 

Two-Sample  T-Test  and  Cl:  Combined  Billets  vs  Plate  J91K  for  Log(AK)=l.l 

N _ Mean _ Standard  Deviation _ SE  Mean 

Combined  16  -5.1755  0.0163  0.0041 

Plate  J9  27  -5.2955  0.0839  0.016 

Difference  =  mu  Combined  Billets  Log(AK)=l  -  mu  Plate  J91K  Log(AK)=l.l 

Estimate  for  difference:  0.1200 

95%  Cl  for  difference:  (0.0770,  0.1630) 

T-Test  of  difference  =  0  (vs  not  = ):  T-Value  =  5.63  P-Value  =  0.000  DF  =  41 
Both  use  Pooled  StDev  =  0.0675 

•  The  difference  between  the  combined  billet  95%  predicted  values  and  the  Plate  95% 
predicted  values  is  statistically  significant  at  the  0.05  significance  level  at  Log(AK) 
=1.1. 


2.4  Comparison  of  95%  Prediction  Values  among  Combined  Billets  14824  and  14828  and 
Plate  1247  and  Component  at  R  =  0.1 

The  data  for  the  combined  billets  14824  andl4828  are  plotted  in  Figure  5.  Upper  95% 
prediction  values  for  combined  billets  14824  and  14828  and  plate  1247  were  calculated.  Figure  6 
shows  only  the  upper  95%  calculated  limits  of  prediction  for  future  values. 
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Next  an  analysis  of  variance  was  calculated  to  determine  if  any  significant  differences 
occurred  among  the  billet  values  the  component  values  and  the  plate  values.  The  tests  for 
statistical  significance  were  performed  at  fixed  values  of  Log(Delta  K). 

In  this  case  Log(Delta  K)  =  0.8,  1.0,  and  1.4. 


2.4.1  Comparison  at  Log(AK)  =  0.8  for  95%  Predicted  Values,  R  =0.1 

One-way  ANOVA:  Combined  Billets,  Plate  1247  R=0.1,  Component  R=0.1,  Log(AK)=0.8. 


Source 

DF  SS 

MS 

F 

P 

Factor 

2  1.5326 

0.7663 

69.45 

0.000 

Error 

395  4.3587 

0.0110 

Total 

397  5.8914 

S  =  0.1050  R-Sq  =  26.01% 

R-Sq(adj)  =  25.64% 

Level 

N 

Mean 

Standard  Deviation 

Combined  Billet  27 

-6.6985 

0.0597 

Plate  1247  R= 

--0.1  20 

-6.6372 

0.1004 

Component  R-- 

=0.1  351 

-6.4829 

0.1079 

Individual  95%  CIs  For  Mean  Based  on  Pooled  Standard  deviation 

Level  — l - 1 - 1 - 1 - 

Combined  Billet  ( - * - ) 

Plate  1247  R=0.1  ( - 

Component  R=0.1  (-*) 

— + - + - + - + - 

-6.720  -6.650  -6.580  -6.510 


Pooled  Standard  deviation  =  0.1050 

•  The  difference  between  the  Component  95%  predicted  value  is  statistically 

significant  from  both  the  Plate  1247  predicted  value  and  the  Combined  Billet  using 
the  0.05  level  of  significance  at  Log(AK)=0.8.  The  difference  between  the  combined 
billet  95%  predicted  value  and  the  Plate  1247  95%  predicted  value  is  not 
statistically  significant  using  the  0.05  level  of  significance  at  Log(AK)=0.8. 
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Figure  5.  Comparison  of  Billets  14824  &  14828  and  Plate  1247  and 
Component  Data  at  R  =  0.1 
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Figure  6.  Comparison  of  Billets  14824  &  14828  and  Plate  1247  and 
Component  Trendlines  at  R  =  0.1 
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2.4.2  Comparison  at  Log(AK)  =1.0  for  95%  Predicted  Values ,  R  =0.1 


One-way  ANOVA:  Combined  Billets,  Plate  1247  R=0.1,  Component  R=0.1,  Log(AK)=l. 


Source 

DF 

SS 

MS 

F 

P 

Factor 

2 

3.2127 

1.6064 

149.80 

0.000 

Error 

345 

3.6996 

0.0107 

Total 

347 

6.9123 

S  =  0.1036  R-Sq  = 

46.48% 

R-Sq(adj)  =  46.17% 

Level 

N 

Mean 

Standard  Deviation 

Combined  Billet 

80 

-5.9096 

0.1155 

Plate  1247  R- 

--0.1 

40 

-5.9532 

0.0934 

Component  R-- 

=0.1 

228 

-5.7236 

0.1008 

Individual  95%  CIs  For  Mean  Based  on  Pooled  Standard  deviation 

Level  - 1 - 1 - 1 - 1 - 

Combined  Billet  (—*—) 

Plate  1247  R=0.1  (-—*—) 

Component  R=0.1  (-*-) 

- + - + - + - + — 

-5.950  -5.880  -5.810  -5.740 


Pooled  Standard  deviation  =  0.1036 

•  The  difference  between  the  Component  95%  predicted  value  is  statistically 

significant  from  both  the  Plate  1247  predicted  value  and  the  Combined  Billet  using 
the  0.05  level  of  significance  at  Log(AK)=0.8.  The  difference  between  the  combined 
billet  95%  predicted  value  and  the  Plate  1247  95%  predicted  value  is  not 
statistically  significant  using  the  0.05  level  of  significance  at  Log(AK)=1.0. 


358 

Approved  for  public  release;  distribution  unlimited. 


2.4.3  Comparison  at  Log(AK)  =1.4  for  95%  Predicted  Values,  R  =0.1 


One-way  ANOVA:  Combined  Billets,  Plate  1247  R=0.1,  Component  R=0.1  Log(AK)=1.4. 


Source 

DF 

SS 

MS 

F 

P 

Factor 

2 

0.34320 

0.17160 

19.59 

0.000 

Error 

41 

0.35913 

0.00876 

Total 

43 

0.70233 

S  =  0.09359  R-Sq  = 

48.87% 

R-Sq(adj)  =  46.37% 

Level 

N 

Mean 

Standard  Deviation 

Combined  Billet 

18 

-4.4006 

0.0910 

Plate  1247  R=0.1 

13 

-4.5326 

0.0903 

Compon  ent  R=0.1 

13 

-4.3039 

0.1002 

Individual  95%  CIs  for  Mean  Based  on  Pooled  Standard  deviation 

- 1- . - 

-+ . . 

-+—- . + 

Combined  Billet  ( — *—) 

Plate  1247  R=0.1 

Component  R=0.1  ( - * — ) 

- . +- . -+- . -+— . + 

-4.50  -4.40  -4.30  -4.20 


Pooled  Standard  deviation  =  0.0936. 

•  The  differences  between  the  Component  95%  predicted  value  is  statistically 

significant  from  both  the  Plate  1247  predicted  value  and  the  Combined  Billet  using 
the  0.05  level  of  significance  at  Log(AK)=0.8.  The  difference  between  the  combined 
billet  95%  predicted  value  and  the  Plate  1247  95%  predicted  value  is  also 
statistically  significant  using  the  0.05  level  of  significance  at  Log(AK)=1.4. 

2.5  Comparison  of  95%  Prediction  Values  among  Combined  Billets  14824  and  14828  and 
Plate  1247.  R  =  0,7 

The  data  for  the  combined  billets  14824  and  14828  at  the  stress  ratio  R=0.7  are  plotted  in 
Figure  7.  Upper  95%  prediction  values  for  the  combined  data  sets  and  plate  1247  were 
calculated  and  presented  in  Figure  8.  An  analysis  of  variance  was  calculated  to  determine  if  any 
significant  differences  occurred  among  the  billet  and  the  plate  values.  The  tests  for  statistical 
significance  were  performed  at  fixed  values  of  Log(AK). 

In  this  case  Log(AK)  =  0.6,  0.85,  and  1.1. 
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Figure  7.  Comparison  of  Billets  14824  and  14828  and  Plate  1247  Data  at  R=0.7 


Figure  8.  Comparison  of  Billets  14824  and  14828  and  Plate  1247  Trendlines  at  R=0.7 
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2.5.1  Comparison  at  Log(AK)  =0.6  for  95%  Predicted  Values,  R  =0.7 


Two-Sample  T-Test  and  Cl:  Billet  Log(AK)=0.6,  Plate  Log(AK)=0.6 

N _ Mean  Standard  Deviation _ SE  Mean 

Billet  14  -6.9665  0.0217  0.0058 

Plate  13  -6.9766  0.0534  0.015 

Difference  =  mu  (Billet  Log(AK)=0.6)  -  mu  (Plate  Log(AK)=0.6) 

Estimate  for  difference:  0.010104 

95%  Cl  for  difference:  (-0.021780,  0.041989) 

T-Test  of  difference  =  0  (vs  not  =):  T-Va/ue  =  0.65  P -Value  =  0.520  DF  =  25 
Both  use  Pooled  StDev  =  0.0402 

•  The  difference  is  NOT  statistically  significant  at  the  0.05  significance  level. 

2.5.2  Comparison  at  Log(AK)  =0.85  for  95%  Predicted  Values,  R  =0.7 

Two-Sample  T-Test  and  Cl:  Billet  Log(AK)=0.85,  Plate  Log(AK)=0.85 

N _ Mean _ Standard  Deviation  SE  Mean 

Billet  17  -6.0422  0.0101  0.0025 

Plate  7  -6.0957  0.0168  0.0064 

Difference  =  mu  (Billet  Log(AK)=0. 85)  -  mu  (Plate  Log(AK)=0.85) 

Estimate  for  difference:  0.053467 

95  %  Cl  for  difference:  ( 0. 041994,  0. 064940) 

T-Test  of  difference  =  0  (vs  not  =):  T-Value  =  9.66  P-Value  =  0.000  DF  =  22 
Both  use  Pooled  StDev  =  0.0123 

•  The  difference  is  statistically  significant  at  the  0.05  significance  level. 

2.5.3  Comparison  at  Log(AK)  =1.1  for  95%  Predicted  Values,  R  =0.7 

Two-Sample  T-Test  and  Cl:  Billet  Log(AK)=l.l  vs  Plate  Log(AK)=l.l 

N _ Mean _ Standard  Deviation  SE  Mean 

Billet  Log  22  -5.1560  0.0252  0.0054 

Plate  Log  9  -5.3733  0.0400  0.013 

Difference  =  mu  (Billet  Log(AK)= 1.1)  -  mu  (Plate  Log(AK)-l.l) 

Estimate  for  difference:  0.217214 

95%  Cl  for  difference:  (0.192914,  0.241513) 

T-Test  of  difference  =  0  (vs  not  = ):  T-Value  =  18.28  P-Value  =  0.000  DF  =  29 
Both  use  Pooled  StDev  =  0.0300 

•  The  difference  is  statistically  significant  at  the  0.05  significance  level. 
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SECTION  3 
CONCLUSIONS 


Statistical  comparisons  of  fatigue  crack  growth  rate  data  were  performed  on  data  sets 
furnished  by  RXSC  engineers.  Comparisons  of  growth  rate  were  made  at  a  95%  confidence 
level  at  selected  stress  intensity  ranges  to  detennine  if  data  were  from  the  same  population. 
Based  on  the  data  furnished,  the  following  general  conclusions  are  rendered: 

•  For  the  Ti  6-4  alloys  examined,  there  were  no  discernable  differences  between  the 
control  plate  and  the  billet  materials.  The  billet  data  in  fact  showed  slower  growth  rate 
for  a  given  stress  intensity  range  than  reference  data  from  MMPDS.  Based  on  constant 
amplitude  test  results,  there  appears  no  safety  impact  for  this  alloy. 

•  For  the  Ti-6-6-2  alloy,  fatigue  crack  growth  data  for  the  components  were  faster  than 
both  the  billet  and  control  plate  materials. 
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